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INTRODUCTION 
The Hawai ian  I s l a n d s  a r e  t h e  most i s o l a t e d  l a n d  mass i n  t h e  w o r l d ,  
l y i n q  i n  t h e  m i d d l e  of t h e  P a c i f i c  Ocean over  4,500 km f rom N o r t h  Anierica 
and 5,000 km f rom Asia.  Because o f  t h e i r  s t e r i l e  v o l c a n i c  o r i g i n  and 
g r e a t  d i s t a n c e s  f rom t h e  c o n t i n e n t s ,  c o l o n i z a t i o n  was i n f r e q u e n t ,  h u t  when 
i t  d i d  occur ,  t h e  o r g a n i  srns, i s o l a t e d  f r o m  ma in ldnd  i n f l u e n c e s  and 
cons 
most 
fami  
spec 
f a i n t s ,  underwent r a p i d  and e x t e n s i  ve a d a p t i v e  r a d i a t i o n .  Among t h e  
s p e c t a c u l a r  examples a r e  t h e  l a n d  b i r d s ,  i n  wh ich  10 o f  t h e  11 
i e s  have endemic spec ies .  U n f o r t u n a t e l y ,  more o f  t h e s e  endemic 
es have become e x t i n c t  t h a n  i n  any o t h e r  comparable r e g i o n  o f  t h e  
wor ld .  There have been many proposed hypotheses as t o  why so many n a t i v e  
b i r d  spec ies  succumbed i n  t h e  s h o r t  t i m e  p e r i o d  f o l l o w i n g  disc0ver.y o f  t h e  
I s l a n d s  by C a p t a i n  Cook i n  1778; t h e s e  i n c l u d e  h a b i t a t  d e s t r u c t i o n  b.y man 
I 
and i n t r o d u c e d  u n g u l a t e s ,  i n d i s c r i m i n a t e  c o l  l e c t i n q  o f  b i r d s ,  c o m p e t i t i o n  
w i t h  i n t r o d u c e d  h i  r d s ,  i n t r o d u c e d  p r e d a t o r s ,  and i n t r o d u c e d  d iseases.  I n  
t h i s  paper we w i l l  a t t e m p t  t o  a s c e r t a i n  t h e  r o l e  t h a t  t h e  i n t r o d u c e d  
v l a l a r i a  p a r a s i t e  has pla.yed i n  t h e  d e c l i n e  o f  Hawai ian  av i fauna .  
Much concern has been expressed ove r  t h e  r e l a t i o n s h i p  between 
i n t r o d u c e d  d i  seases and t h e  d e p l e t i o n  o f  t h e  n a t i v e  Hawai i a n  h i  r d s ,  h u t  
t h e  many papers a d d r e s s i n q  t h i s  prob lem have been l i t t l e  more t h a n  
t e c h n i c a l  c r i t i c i s m s  and have n o t  re-examined t h e  under1,y ing h y p o t h e s i  s. 
Warner 's  (1968) s tudy  o f  t h e  presumed r o l e  t h a t  i n t r o d u c e d  m a l a r i a  and 
a v i a n  pox p l a y e d  i n  t h e  e x t i n c t i o n  o f  t h e  n a t i v e  Hawai ian  b i r d s  i s  t h e  
onl,y ma jo r  p u b l i s h e d  work d e a l i n g  w i t h  t h i s  s u b j e c t .  He proposed t h a t  an 
" i m a g i n a r y  l i n e "  e x i s t e d  a t  a p p r o x i m a t e l y  600 m, above which t h e r e  were no 
1 mosqui t o e s  and be1 ow which n a t i v e  b i  r d s  were n o t  found,  presumably because 
the,y had succumbed t o  i n t r o d u c e d  d iseases.  H i s  f i n d i n g s  have found wide 
acceptance as an example o f  d i sease  l i m i t i n g  a  hos t  p o p u l a t i o n ;  t h i s  
d e s p i t e  t h e  f a c t  t h a t  occas iona l  o b s e r v a t i o n s  apuear n o t  t o  demonst ra te  
t h e  v a l i d i t y  o f  Warner 's  arguments. I n  f a c t ,  Berqer  (1975)  i n  h i s  r e v i e w  rn 
t 
o f  t h i s  s u b j e c t  w r i t e s  : 
" T h i s  i s  meager ev idence,  indeed,  f o r  t h e  numerous a s s e r t i o n s  i n  
t h e  l i t e r a t u r e  t h a t  t h e  e x t i n c t i o n  o f  so many n a t i v e  f o r e s t  
b i r d s  was due t o  i n t r o d u c e d  b i r d  d iseases.  It may have been so, 
b u t  no t r u s t w o r t h y  ev idence  has been p u b l i s h e d  as o f  1974." 
I n  t h i s  s tudy  we examine t h e  spec ies  o f  a v i a n  m a l a r i a  t h a t  a r e  
present .  today i n  t h e  Hawai ian  I s l a n d s ,  t h e  s u s c e p t i b i l i t y  o f  e x t a n t  b i r d  
spec ies  t o  t h e  m a l a r i a  p a r a s i t e ,  t h e  o v e r a l l  percentage o f  w i l d  b i r d s  
i n f e c t e d  w i t h  ma1 a r i a ,  d i s t r i b u t i o n a l  p a t t e r n s  of p o t e n t i a l  v e c t o r s ,  
spo roqon ic  development i n  t h e  v e c t o r s ,  and t h e  e p i z o o t i o l o g y  o f  m a l a r i a  i n  
t h e  t tawai idn  I s l a n d s .  We w i l l  t hen  p r e s e n t  k i n d s  o f  ev idence  which  show 
t h a t  t h e  a v i a n  d i sease  prob lem i n  Hawai i  i s  much more complex t h a n  
o r i g i n a l  l y  proposed by Warner (1968). We s h a l l  a1 so document t h a t  m a l a r i a  
p r o b a b l y  d i d  n o t  have a ma jo r  impact  upon r e d u c i n g  t h e  numbers o f  Hawai ian 
b i r d s  i n  t h e  l a t e  1 9 t h  c e n t u r y ,  b u t  i s  p r e s e n t l y  r e s t r i c t i n g  p o p u l a t i o n s  
and a f f e c t i n g  d i s t r i b u t i o n a l  and b e h a v i o r a l  p a t t e r n s  o f  t h e  n a t i v e  b i r d s .  
F i n a l  l y ,  management recommendations w i  11 be suggested t o  m i n i m i z e  t h e  
p resen t  obv ious  p r o b l  em and assu re  c o n t i n u e d  hea l  t h y  a v i a n  p o p u l a t i o n s .  
METHODS 
Study Areas 
Study areas c o n s i s t e d  o f  16 s t a t i o n s  a l o n g  two t r a n s e c t s ,  e s t a b l i s h e d  
a t  a p p r o x i m a t e l y  300 m i n t e r v a l s  on t h e  s o u t h e r n  and e a s t e r n  s lopes  o f  
Mauna Lod 
p r i n c i p a l  
f o r e s t s ,  
as  koa ha 
Volcano,  Hawaii  (F iq .  1). The sou the rn  t r a n s e c t  spanned 
l y  x e r i c  f o r e s t  h a b i t a t ,  w h i l e  t h e  e a s t e r n  t r a n s e c t  c rossed  mes ic  
The d r y  f o r e s t  was c h a r a c t e r i z e d  by i n t r o d u c e d  t r e e  spec ies  such 
o l e  (Leucacena leucocepha la  L. ) , C h r i  stmas b e r r y  (Sch inus 
t e r e b i n t h i f o l i u s  Raddi ) and guava ( P s i d i u m  gua j a v a  L. ) a t  l ower  
e l e v a t i o n s ,  o h i a  ( M e t r o s i d e r o s  c o l l i n a  F o r s t . )  w i t h  s c a t t e r e d  mamane 
(Sophora ch rysophy l  l a  Sal  i sb. ) t h r o u g h o u t  t h e  m id -e l  e v a t i o n  range,  and 
p r e d o m i n a n t l y  niarnane i n  t h e  h i g h e r  p a r t s .  The wet f o r e s t  h a b i t a t  was 
composed o f  s c a t t e r e d  o h i a  and numerous i n t r o d u c e d  t r e e  spec ies  near  sea 
. . 
l e v e l ,  a  mixed koa (Acac ia  - koa G r a y ) - o h i a  f o r e s t  i n  t h e  m i d - e l e v a t i o n a l  
1' ranges,  and scrub o h i a  a t  t h e  upper  e l e v a t i o n s .  A more d e t a i l e d  a n a l y s i s  
o f  t h e s e  v e g e t a t i o n  t ypes  may he found i n  Muel le r -Dombois  and Fosberg 
F i e l d  Techniques 
From 1978-1979 w i l d  b i r d s  were m i s t - n e t t e d  b i m o n t h l y  a t  each s t a t i o n ,  
w h i l e  a t  1200 m e l e v a t i o n  t h e y  were n e t t e d  mon th l y  ove r  a  t h r e e - y e a r  
p e r i o d  (1978-1980). Each b i r d  was b l e d  b.y c l i p p i n g  a  t o e  n a i l ,  a  th. ir l  
b l o o d  smear was taken,  and t h e  s l i d e  f i x e d  f o r  30  sec i n  a b s o l u t e  meth,yl 
a1 coho1 ; b e f o r e  r e l e a s e  t h e  b i r d  was measured and banded w i t h  un ique  
comb ina t ions  o f  c o l o r s ,  and a  s i n g l e  USFWS meta l  band. 
D u r i n q  August 1978, f o u r  ma1 a r i a - n a i  ve Laysan F i n c h  ( P s i  t t i  r o s t r a  
c a n t a n s )  were s e t  ou t  a t  each s t a t i o n  f o r  a  12-da.y p e r i o d .  Two b i r d s  were 
p l a c e d  i n  open bamboo cages w i t h i n  t h e  canopy, a p p r o x i m a t e l y  8  m  above t h e  
ground, w h i l e  two c o n t r o l s  were p l a c e d  i n  an a d j a c e n t  cage wrapped i n  
niosqui t o - p r o o f  n e t t i n g .  Fo l  l o w i n g  t h e  exposure p e r i o d  a1 1  b i  r d s  were 
r e t i l r n e d  t o  t h e  l a b o r a t o r y  and m o n i t o r e d  f o r  t h r e e  weeks. 
A t  each s t a t i o n  a r t i f i c i a l  mosqu i to  o v i p o s i t i o n  s i t e s  were m a i n t a i n e d  
w i t h  a  c o n s t a n t  supp ly  o f  water .  A l l  s i t e s  were checked f o r  eggs, l a r v a e ,  
and pupae each month d u r i n g  1978-1979. A t  each s t a t i o n  p o t e n t i a l  n a t u r a l  
o v i  p o s i t i o n  s i t e s  were i d e n t i  f i e d  and examined r e g u l a r l y  f o r  1  a r v a l  
a c t i v i t y .  Counts o f  a d u l t  mosqu i toes  f rom a  s e r i e s  o f  30 1  i g h t  t r a p s  r u n  
2 4  hours  a day ey t h e  Hawai i  Department o f  H e a l t h  were supplemented b y  
month l y  t r a p p i n g  a t  each o f  t h e  16 s t u d y  s t a t i o n s  u s i n g  Standard  New 
Jersey Mosqu i to  L i g h t  Traps. B i t i n g  c o l l e c t i o n s  were t a k e n  on a  mon th l y  
b a s i s  f o r  b o t h  Culex q u i n q u e f a s c i a t u s  and Aedes a l b o p i c t u s ;  a d d i t i o n a l  
b i t i n g  c o l l e c t i o n s  f o r  - C. g u i n q u e f a s c i a t u s  were made by a number o f  
v o l u n t e e r s  a t  s e l e c t e d  s t a t i o n s  ( G o f f  and van R i p e r  1980). 
L a b o r a t o r y  Techniques 
S t r a i n s  o f  m a l a r i a  were e s t a b l i s h e d  f rom w i l d  caught  and mor ibund 
Hawai ian f o r e s t  b i r d s .  The o r i g i n a l  s t r a i n  (H-1) was c o l l e c t e d  f rom an 
Apapane found a t  1200 m e l e v a t i o n ,  and subsequent s t r a i n s  were e s t a b l i s h e d  
from a  Japanese White-eye (W-1), a  House Sparrow (S-1) ,  and a n o t h e r  
Apapane (11-2). Each s t r a i n  was m a i n t a i n e d  t h r o u g h  sub i  n n o c u l a t i o n s  o f  
i n f e c t e d  h l  ood i n t o  c a n a r i e s ,  a  s t a n d a r d  method employed i n  Plasmodium 
research  (Garnham 1966). 
Ten each o f  Apapane (H ima t ione  sangu inea) ,  I i w i  ( V e s t i a r i a  c o c c i n e a ) ,  
Japanese Whi t e - e y e  (Zos te rops  j a p o n i  ca)  , Red-bi 11 ed L e i  o t h r i  x  ( L e i  0 t h  r i  x  
l u t e a ) ,  and Arnaki h i  (Loxops v i  r e n s )  were c o l l e c t e d  f rom h i q h  a l t i t u d e  
f o r e s t  h a b i t a t s  on Mauna Loa and t r a n s p o r t e d  i n  m o s q u i t o - p r o o f  cages t o  
t h e  Av ian Disease L a b o r a t o r y  a t  t h e  Hawai i  F i e l d  Research Center .  I n  
a d d i t i o n  15 Amakihi were a l s o  t a k e n  f rom t h e  d r y  f o r e s t  o f  Mauna Kea where 
m a l a r i a  i s  a p p a r e n t l y  absent  (van R i p e r  1975). These p o p u l a t i o n  samples 
were made t o  see if a  d i f f e r e n t i a l  r e s i s t a n c e  t o  t h e  m a l a r i a  p a r a s i t e  has 
deve loped i n  s r ~ b p o p u l a t i o n s  of a  host .  F o r t y  Laysan F inches were c a p t u r e d  
on t h e  mosqui t o - f r e e  Laysan I s 1  and and t r a n s p o r t e d  by boat  i n  mosqui t o -  
p r o o f  cages t o  Hawai i  i s l a n d .  A l l  b i r d s  were a l l o w e d  a  c l o s e l y  m o n i t o r e d  
a c c l  i m a t i o n  p e r i o d ,  d u r i n g  wh ich  t i m e  t h e y  were fed  food ad li b i t u m  and 
-
body w e i g h t s  t a k e n  eve ry  second day. D u r i n g  t h i s  t r e a t m e n t  p e r i o d ,  b l o o d  
smears were taken  on a r e g u l a r  b a s i s  and searched f o r  t h e  presence o f  
haematozoan i n f e c t i o n s .  To ensure  t h a t  no b i r d s  had i n f e c t i o n s  t h a t  were 
n o t  d e t e c t e d  by microscopy,  b l o o d  was e x t r a c t e d  f rom s e l e c t e d  i n d i v i d u a l  s  
and s u b i n n o c u l a t e d  back t o  c a n a r i e s ,  a  t e c h n i q u e  t h a t  has been shown t o  
r e v e a l  l a t e n t  i n f e c t i o n s  (Herman e t  a l .  1966). A f t e r  we igh t  
s t a b i l i z a t i o n ,  a l l  b i r d s  were t r e a t e d  w i t h  Solumet and Tramasol i n  o r d e r  
t o  c l e a r  them o f  h e l l n i n t h  e n d o p a r a s i t e s  and c o c c i d i a .  
F o l  l o w i n g  t h e  p a r a s i  t e - c l e a r i n g  process,  f i v e  c a p t i v e  Apapane, I i w i  , 
Red-bi 1  l e d  L e i o t h r i x ,  Japanese Whi te -eye,  Laysan F inch ,  Mauna Loa Amaki h i ,  
and s i x  Mauna Kea A n a k i h i ,  were i n n o c u l a t e d  in t ramuscu lar1 .y  w i t h  0.1 cc of 
i n f e c t e d  blood.  Fach spec ies  qroup was c h a l l e n g e d  w i t h i n  a  2-day p e r i o d  
w i t h  b l o o d  from t h e  same canary  host .  A f t e r  day 4 each b i r d  was b l e d  a t  
r e g u l a r  i n t e r v a l s  u n t i l  t h e  h o s t  succumbed o r  p a r a s i t e m i a  l e v e l s  f e l l  t o  a  
c h r o n i c  s t a t e .  Throughout t h e  e n t i r e  c h a l l e n g e  p c r i o d  p h y s i c a l  c o n d i t i o n s  
were n ion i to red  d a i l y .  F i v e  o t h e r  i n d i v i d u a l s  o f  each group composed 
c o n t r o l s  which were m a i n t a i n e d  i n  mosqu i to -p roo f  caqes and m o n i t o r e d  
t h r o u g h o u t  t h e  exper iment .  I n  a d d i t i o n ,  p e r i o d i c i t y  was examined d u r i  ng 
peak l e v e l s  o f  p a r a s i t e m i a  i n  t h e  Canary, Apapane, and Amakihi ,  o f  which 
t h e  fo rmer  two were b l e d  eve ry  4 hou rs  over  two 24-hour p e r i o d s .  
Blood  s l i d e s  were t r e a t e d  f o r  30 min  w i t h  Giemsa s t a i n  i n  a s o l u t i o n  
b u f f e r e d  w i t h  bIazP04 and KH2P04 t o  a  pH o f  7.17. Each s l i d e  was read 
under o i l  immersion a t  l O O O X  f o r  10  min, o r  u n t i l  a  minimum o f  25,000 r e d  
b l o o d  c e l l s  (RBC) had been examined. A l l  p a r a s i t e s  were c l a s s e d  as e i t h e r  
gametocytes,  s c h i z o n t s ,  o r  t rophozo i  t es .  I n  t h e  case o f  heavy i n f e c t  i o n s ,  
100 p a r a s i t e s  were counted and c a t e g o r i z e d .  The average number o f  HBC p e r  
f i e l d  was reco rded  f o r  each s l i d e  as was t h e  mean number o f  f i e l d s  
read/rnin by t h e  obse rve r .  The number o f  c e l l s  examined on each s l i d e  (Ce) 
was de te rm ined  u s i n g  t h e  f o l l o w i n g  fo rmu la :  
where Bf = number o f  RBC p e r  f i e l d ;  F, = f i e l d s  p e r  ni in read;  and M, = min 
s l i d e  was read. The fo rmu la  used t o  de te rm ine  t h e  number o f  
p a r a s i  t e s / l 0 , 0 0 0  RBC was: 
10,000 Paras i tes /10 ,000  RBC = (Po) Ce 
where Po = number o f  p a r a s i t e s  observed. 
To t a k e  i n t o  account  t h e  r e f r a c t o r y  a b i l i t y  o f  a  b i r d  spec ies  a g a i n s t  
t h e  m a l a r i a l  p a r a s i t e ,  and t h e  a b i l i t y  o f  t h a t  h o s t  t o  s u r v i v e  once 
i n f e c t e d ,  t h e  f o l l o w i n g  fo rmu la  was deve loped f o r  an Index o f  A d a p t a t i o n  
( I a ) :  
where a = number of i n d i v i d u a l s  s u r v i v i n g  t h e  c h a l l e n g e ;  B = number o f  
r e f r a c t o r y  i n d i v i d u a l s ,  and n  = sample s i z e  o f  t h e  c h a l l e n g e  group. I n  
t h i s  rlianncr, spec ies  l a c k i n q  any i rn~nunogenet ic  c a p a c i t y  would have an Ia = 
A 
0. The c l o s e r  Id approached 1, t h e  g r e a t e r  t h e  a b i l i t y  o f  t h e  hos t  group 
t o  s u r v i v e  t h e  d isease.  
C o l o n i e s  o f  C. q u i n q u e f a s c i a t u s  were  e s t a b l i s h e d  i n  t h e  l a b o r a t o r y  f rom 
- 
l a r v a e  c o l l e c t e d  i n  t h e  w i l d .  Newly emerged a d u l t s  were removed t o  b i t i n g  
cages and ma in ta ined  on a  suqar and wa te r  combinat ion .  From f o u r  t o  s i x  
days a f t e r  emergence, females  were o f f e r e d  b l o o d  meals f rom i n f e c t e d  
h i  rds ,  and f o l l  owing engorgement were removed t o  separa te  cages. 
Ook inetes  were searched f o r  i n  mosqui t o  stomach b l o o d  a t  12-24 hours  a f t e r  
engorgement u s i n g  d i l u t e d  smears, f i x e d  i n  me thy l  a l c o h o l  and s t a i n e d  w i t h  
Giemsa; stomachs were examined f o r  o o c y s t s  v i a  wet mounts and s a l i v a r y  
g lands  were s t a i n e d  w i t h  Giemsa t o  show any s p o r o z i t e s ,  f o l  ;owinq t h e  
t e c h n i q u e  o u t l i n e d  i n  Garnham (1966). Females p r e v i o u s l y  enqorged on 
i n f e c t e d  b i r d s  were p laced  i n  b i t i n g  cages w i t h  n o n i n f e c t e d  b i r d s  t o  
comple te  l a b o r a t o r y  t r a n s m i s s i o n .  
D a i l y  a c t i v i t y  c y c l e s  o f  - C .  q u i n q u e f a s c i a t u s  and - A. a l b o p i c t u s  were 
de te rm ined  i n  t h e  l a b o r a t o r y .  Three r e c e n t l y  emerged females  o f  each 
spec ies  were p laced  i n  sea led  g l a s s  j a r s  c o n t a i n i n g  wa te r  p l u s  sugar and 
were a l l o w e d  t o  a c c l i m a t e  f o r  t h r e e  days. The j a r s  were m a i n t a i n e d  a t  
ambient  t empera tu re  w i t h  h u m i d i t y  a t  loo%, and sea led t o  e l i m i n a t e  
prob lems w i t h  a i r  movement and C02 a t t r a c t i o n .  D u r i n g  t h e  f i r s t  10 mi11  o f  
each hour  ove r  a  2 4  h r  p e r i o d ,  t h e  t o t a l  number o f  seconds any one o f  t h e  
t h r e e  exper imen ta l  mosqu i toes  were f l y i n g  was recorded.  Four  rep1 i c a t i o n s  
were made on each spec ies ,  D u r i n q  t h e  dark  hours  l o w - i n t e n s i t y  1  i q h t  
f i l t e r s  were used so as n o t  t o  a t t r a c t  t h e  mosqui toes.  
A l l  s t a t i s t i c a l  ana lyses  were computed on a  ,,drroughs 6700 u s i n q  SPSS 
programs ( N i e  -- e t  a l .  1975). Where da ta  were n o t  n o r m a l l y  d i s t r i b u t e d ,  
t r a n s f o r m a t i o n s  were used b e f o r e  app l  i c a t i o n  o f  s t a t i  ~ t i c a l  t e s t s .  The 
l e v e l  o f  s t a t i s t i c a l  s i g n i f i c a n c e  was cons ide red  t o  be 0.05. 
RESULTS 
F i e l d  Resu1t.s 
I n  14,027 n e t  hou rs  f rom 1977-1979, 2,702 b i r d s  were c a p t u r e d  and 
b l e d .  A l l  o f  t h e  16 s tudy  l o c a t i o n s  were sampled w i t h  s i m i l a r  e f f o r t ,  
r e s u l t i n g  i n  a  mean of 935 n e t  h o u r s / s t a t i o n ;  however, t h e  number o f  b i r d s  
and spec ies  c a p t u r e d  a t  each l o c a t i o n  va r ied .  The o n l y  m a l a r i a  p a r a s i t e  
found d u r i n g  t h i  s s tudy  was Plasmodium r e 1  i c t u m  ssp. c a p i  s t r a n o a e  Russel  1  
( L a i r d  and van R ipe r ,  i n  p ress ) ,  M i c r o f i l a r i a ,  babesoids,  and 
trypanosomes were n o t  d e t e c t e d ,  and appear t o  be absent  i n  t h e  b i r d s  on 
Hawai i .  However, Atoxoplasma sp. was i d e n t i f i e d  i n  b l o o d  smears f rom t h e  
House Sparrow, S p o t t e d  Munia, and Japanese White-eye,  t h i s  b e i n g  t h e  f i r s t  
r e c o r d  o f  t h e  p a r a s i t e  i n  t h e  Hawai ian  I s l a n d s .  R e s u l t s  o f  t h i s  d i s c o v e r y  
a r e  d i scussed  i n  a  separa te  paper (van R i p e r  -- e t  a l . , i n  prep.).  
O f  t h e  2,702 b l o o d  s l i d e s  t a k e n  f rom w i l d  b i r d s ,  2,365 were o f  t h e  
n a t i v e  Apapane, Amakihi , I i w i  , E l e p a i o  (Chasiempis sandwicenses),  Hawai ian  
Thrush,  and i n t r o d u c e d  House F i n c h  (Carpodacus mexi canus) ,  House Sparrow 
(Passer  domest icus) ,  Spo t ted  Munia (Lonchura p u n c t u l a t a ) ,  American 
C a r d i n a l  ( C a r d i n a l  i s  c a r d i n a l  i s ) ,  Japanese Whi t e - e y e ,  and Red-bi 1  l e d  
L e i o t h r i x .  E igh teen  spec ies  were c a p t u r e d  and b l e d  d u r i n g  t h e  cou rse  o f  
t h i s  s tudy ,  b u t  we w i l l ,  f o r  t h e  most p a r t ,  dea l  i n  t h i s  paper o n l y  w i t h  
t h e  above ment ioned p a s s e r i n e  b i r d s  because o f  t h e  smal l  sample s i z e s  o f  
t h e  o t h e r  seven spec ies  (see Appendix I). 
The t o t a l  number o f  b i r d s  cap tu red /100  n e t  hours  showed h i g h s  i n  
March-June and September-October w i t h  lows i n  November-February and J u l y -  
August (Tab le  1) .  The Ju l y -Augus t  decrease was a t t r i b u t a b l e  t o  t h e  l ow  
numbers o f  Japanese White-eyes cap tu red  d u r i n g  t h a t  two-month p e r i o d .  
Decreases i n  n a t i v e  b i r d  d e n s i t i e s  d i d  n o t  u s u a l l y  occu r  u n t i l  l a t e r  i n  
t h e  yea r .  There was a  d i f f e r e n c e  between t h e  numbers and d i s t r i b u t i o n  
p a t t e r n s  o f  n a t i v e  and i n t r o d u c e d  b i r d s  c a p t u r e d  a t  each s t a t i o n ,  
e s p e c i a l  l y  i n  rnesic areas ( F i g .  2) .  G r e a t e s t  i n t r o d u c e d  h i  r d  d e n s i t i e s  
o c c u r r e d  i n  t h e  l o w l a n d  mesic h a b i t a t ,  and g e n e r a l l y  decreased i n  
abundance w i t h  h i g h e r  e l e v a t i o n .  N a t i v e  spec ies  were absent  i n  mesic 
f o r e s t  below 1,000 rn, a f t e r  wh ich  t h e i r  numbers i n c r e a s e d  w i t h  e l e v a t i o n .  
I n t r o d u c e d  h i  r d s  were more u n i f o r m l y  d i s t r i b u t e d  th roughou t  a1 1  
e l e v a t i o n a l  ranges o f  t h e  x e r i c  h a b i t a t ,  w h i l e  n a t i v e  b i r d s  ranged l o w e r  
i n  t h e  x e r i c  f o r e s t  (when compared t o  t h e i r  d i s t r i b u t i o n  i n  mesic 
h a b i t a t ) ,  and reached t h e i r  h i g h e s t  d e n s i t i e s  above 1,500 m. 
I n f e c t i o n  Rates - -  O f  t h e  2,365 w i l d  h i r d s  ana lyzed f o r  b l o o d  
p a r a s i t e s  d u r i n g  t h i s  s tudy,  7.8% were i n f e c t e d  w i t h  m a l a r i a .  The n a t i v e  
Apapane p o p u l a t i o n  had t h e  h i g h e s t  pe rcen tage  o f  i n f e c t e d  i n d i v i d u a l s  
( F i g .  3 ) ;  t h e  i n t r o d u c e d  House F i n c h  and House Sparrow p o p u l a t i o n s  a l s o  
e 
had h i g h  percentages,  a l b e i t  t h e y  were t h r e e  t i m e s  lower  than  t h a t  o f  t h e  
Apapane. The g r e a t e s t  pe rcen tage  o f  i n d i v i d u a l s  f rom t h e  a v i a n  comnuni ty  
i n f e c t e d  w i t h  ma1 a r i a  o c c u r r e d  d u r i n g  November and December ( T a b l e  2) .  
Most n a t i v e  spec ies  had i n c r e a s e s  i n  t h e  pe rcen tage  o f  i n f e c t e d  
i n d i v i d u a l s  i n  t h e i r  r e s p e c t i v e  p o p u l a t i o n s  sometime d u r i n g  t h e  months o f  
J u l y  t o  December (F ig .  4 ) ,  i n d i c a t i n g  t h a t  d u r i n g  t h i s  t i m e  o f  t h e  y e d r  
n a t i v e  b i r d s  were most l i k e l y  t o  be exposed t o  t h e  m a l a r i a  p a r a s i t e .  On 
t h e  o t h e r  hand, t h e  i n t r o d u c e d  spec ies  tended t o  have a  more u n i f o r m  
number of i n f e c t e d  b i r d s  t h r o u g h o u t  t h e  annual c y c l e ,  and i n  those  s p e c i e s  
wh ich  d i d  have peaks, a  y e a r l y  p a t t e r n  was n o t  e v i d e n t .  
Av ian p o p u l a t i o n s  f rom t h e  mesic and x e r i c  f o r e s t s  o f  Mauna Loa had 
s i g n i  f i c a n t l y  d i f f e r e n t  l e v e l s  o f  m a l a r i a  i n f e c t i o n  i n  each hah i  t a t  t y p e  
( T a b l e  3 : X  2 = 11.24; d f  - 1; - P < 0.001).  The wet f o r e s t  c o n s i s t e n t l y  
suppor ted h i g h e r  m a l a r i a  l e v e l s ,  wh ich  was p r o b a b l y  r e l a t e d  t o  t h e  
i nc reased  a v a i l a b i l i t y  o f  v e c t o r  b r e e d i n g  s i t e s .  E l e v a t i o n ,  however, 
appeared t o  have t h e  g r e a t e s t  i n f  1  uence upon p o p u l a t i o n  i n f e c t i o n  r a t e s  on 
Mauna Loa (F ig .  5).  T h i s  suggests  t h a t  e l e v a t i o n  i s  t i e d  more c l o s e l y  t o  
m a l a r i a  i n f e c t i o n  l e v e l s  t h a n  i s  e i t h e r  t h e  t i m e  o f  y e a r  o r  t h e  f o r e s t  
type.  
There was no s i g n i f i c a n t  d i f f e r e n c e  between t h e  number o f  younq and 
a d u l t s  wh ich  were i n f e c t e d  w i t h  m a l a r i a  i n  e i t h e r  t h e  n a t i v e  (x: = 0.0; d f  
= 1; - P = 1.0) o r  i n t r o d u c e d  spec ies  (x$ = 0.49; d f  = 1; - P = 0 . 4 8 ) ,  which 
i n d i c a t e s  t h a t  younq b i r d s  a r e  n o t  b e i n g  i n f e c t e d  p r e f e r e n t i a l l y ,  as shown 
by Blackmore and Dow (1958)  i n  N o r t h  America. Fu r the rmore ,  a  r e c a p t u r e d  
b i r d  was n o t  more l i k e l y  t o  have m a l a r i a  than  was a  f i r s t  c a p t u r e  (x: = 
2.93;  d f  = 1;  - P = 0.09). B i r d s  t h a t  had one, two o r  more than  two v i s i b l e  
l e s i o n s  e i t h e r  on t h e i r  f e e t ,  l e g s ,  o r  f a c e  were more l i k e l y  t o  have 
m a l a r i a  t h a n  were i n d i v i d u a l s  w i t h o u t  l e s i o n s  (x' = 127.9; d f  = 3; P < 
- 
0.001). I f  t h e  l e s i o n s  were a s s o c i a t e d  w i t h  d i seases  c a r r i e d  by a i r h o r n e  
v e c t o r s  ( such  as a v i a n  pox),  b i r d s  w i t h  l e s i o n s  perhaps would have been 
exposed t o  mosqu i toes  and t h e r e b y  have had a  g r e a t e r  chance o f  exposure  t o  
t h e  m a l a r i a  p a r a s i t e .  These d a t a  do n o t  suppor t  McGhee's (1970)  
h y p o t h e s i s  t h a t  a v i a n  v i r u s e s  may s i m u l a t e  immune and autoimmune e f f e c t s  
w i t h i n  t h e  hos t  toward t h e  m a l a r i a  p a r a s i t e .  
B i r d s  wh ich  were c o l l e c t e d  mor ibund o r  t h a t  were k i l  l e d  h,y 
a u t o ~ n o b i l e s  had h i g h e r  i n c i d e n c e s  o f  m a l a r i a  than  d i d  b i r d s  c a p t u r e d  i n  
m i s t - n e t s .  Perhaps t h e  m a l a r i a  p a r a s i t e  d e b i l i t a t e s  a  b i r d  so t h a t  
d i seased  i n d i v i d u a l s  a r e  more l i k e l y  t o  be s t r u c k  by cars .  However, b i r d s  
dcc identa l1 .y  k i l l e d  i n  m i s t - n e t s  were n o t  more l i k e l y  t o  have m a l a r i a  t h a n  
were n o r m a l l y  processed b i r d s .  Low, medium and h i g h  f a t  l e v e l s  .in a  b i r d  
had no r e l a t i o n s h i p  t o  m a l a r i a  i n f e c t  
n o r  d i d  degree o f  m o l t  ( x 2  = 1.75; d f  
w P a r a s i t e m i a  L e v e l s  -- The o v e r a l  
2 
ons (X = 3.81; d f  = 3; - P = 0 . 2 8 ) ,  
= 3; - P = 0.63). 
p a r a s i t e m i a  l e v e l  f rom t h e  e n t i  r e  
a v i a n  community on Flauna Loa was 2.3 p a r a s i t e s / 1 0 , 0 0 0  RRC. The h e a v i ~ s t  
p a r a s i t e m i a  l e v e l s  o c c u r r e d  i n  September-October ( T a b l e  3 ) ,  and d i d  n o t  
e x h i b i t  t h e  Ju l y -Augus t  decrease as d i d  t h e  p e r c e n t  o f  i n f e c t e d  b i r d s .  As 
w e l l  as h a v i n g  t h e  g r e a t e s t  pe rcen tage  o f  i n f e c t e d  i n d i v i d u a l s ,  t h e  
Apapane a1 so had t h e  h i g h e s t  o v e r a l l  p a r a s i  t e m i a  l e v e l  s  t h r o u g h o u t  t h e  
y e a r  on Mauna Loa (F iq .  4) .  I n  eve ry  month n a t i v e  b i r d s  hdd h i g h e r  
p a r a s i t e m i a  l e v e l s  t h a n  d i d  t h e  i n t r o d u c e d  spec ies ,  i n d i c a t i n g  t h e  extreme 
1  ow 
p r i l n a r i l y  
11 
i h i  1  i t y  o f  t h e  endemic av i fauna .  I n t r o d u c e d  spec ies  had 
o f  pa ras i tes /10 ,000  RBC t h r o u g h o u t  t h e  y e a r ,  i n d i c a t i n g  
i n f e c t i o n s .  There was a  s i g n i f i c a n t  d i f f e r e n c e  i n  ove ra  
suscep t  
numbers 
l a t e n t  
u. 
p a r a s i t e m i a  l e v e l s  between t h e  b i r d  spec ies  on Mauna Loa ( a n a l y s i s  o f  
* 
v a r i d n c e :  d f  = 10, - P < 0.001). 
E l e v a t i o n  had a  marked i n f l u e n c e  on p a r a s i t e m i a  l e v e l s  i n  t h e  b i r d s  
on Mauna Loa ( F i g .  5) .  The h i g h e s t  p a r a s i t e m i a  l e v e l s  were between 
9OO-l,500 rn e l  e v a t i o n  , t h a t  area where n a t i  ve b i  r d  and b r e e d i n g  mosqui t o  
d i s t r i b u t i o n s  over1  apped. A d d i t i o n a l l y ,  b i r d s  had h i g h e r  p a r a s i  terni a  
l e v e l s  a t  l ower  e l e v a t i o n s  i n  t h e  x e r i c  than  i n  t h e  mesic h a b i t a t s ,  wh ich  
i s  most l i k e l y  a f u n c t i o n  o f  n a t i v e  spec ies  b e i n g  found  a t  l ower  
e l e v a t i o n s  i n  t h e  d r i e r  areas (see F ig .  2) .  The l o w  p a r a s i t e m i a  l e v e l s  a t  
h i g h e r  e l e v a t i o n s  i s  p r o b a b l y  a  f a c t o r  o f  decreased v e c t o r  abundance. 
The p r i n c i p a l  b r e e d i n g  p e r i o d  o f  t h e  n a t i v e  Hawai ian  b i r d s  i s  
Dcxemher t o  May (Ba ldw in  1953; Be rge r  1981; Conant 1977; Edd inqer  1970; 
+ 
van R i p e r  1978, 1980, van R i p e r  and S c o t t  1979),  and t h i s  was t h e  t i m e  of 
year  when we found t h e  l o w e s t  p a r a s i t e m i a  l e v e l s .  Degree o f  m o l t ,  i n  
comb ina t ion  w i t h  c loaca1 p ro tuberance  o r  brood p a t c h  was used as an i ndex  
* 
t o  measure t.he e f f e c t  o f  b r e e d i n g  on m a l a r i a  p a r a s i t e  l e v e l s  i n  t h e  h i  rds.  
We found no s i g n i f i c a n t  d i f f e r e n c e  i n  p a r a s i t e m i a  l e v e l s  between t h e  
b r e e d i n g  and non-breed ing p e r i o d s  u s i n g  these  parameters  (x2 = 1.75; d f  = 
3; - P = 0.63). Success ive  c a p t u r e s  were made t h r o u q h o u t  t h e  y e a r  on a  
number o f  i n d i v i d u a l  l y  co lo r -marked  b i  r d s ,  and t h o s e  i n d i v i d u a l s  w i t h  
c h r o n i c  ma1 a r i a  i n f e c t i o n s  d i d  n o t  exh i  h i t  any i n c r e a s e  i n  p a r a s i  t em ia  
l e v e l s  d u r i n g  t h e  b r e e d i n g  season, and were a l s o  s u c c e s s f u l  i n  f l e d g i n g  
young. T h i s  i n d i c a t e s  t h a t  an i n c r e a s e  i n  r e p r o d u c t i v e  hormones p r e s e n t l y  
has l i t t l e  n o t i c e a b l e  g ross  e f f e c t  upon t h e  m a l a r i a  c y c l e  i n  n a t i v e  
Hawai ian b i r d s .  Whi le  young were n o t  more l i k e l y  t o  have m a l a r i a  than  
were o l d e r  b i r d s ,  l e v e l s  o f  p a r a s i t e m i a  were up t o  s i x  t i m e s  g r e a t e r  i n  
f i  r s t - y e a r  b i r d s ,  p a r t i c u l a r l y  t h e  n a t i v e  spec ies .  T h i s  imp1 i e s  t h a t  
younger  b i r d s  have l e s s  r e s i s t a n c e  t o  t h e  m a l a r i a  p a r a s i t e  once 
c o n t r a c t e d .  
Vec to r  D i s t r i b u t i o n s  - -  Because o f  t h e  p o r o s i t y  o f  t h e  v o l c a n i c  
s u b s t r a t e  i n  Hawai i  , which  result,^ i n  a  pa tchy  d i s t r i b u t i o n  o f  p o t e n t i a l  
b r e e d i n g  s i t e s ,  mosqu i to  d i s t r i b u t i o n  was n o t  u n i f o r m  ove r  t h e  e n t i  r e  
a l t i t u d i n a l  range o f  t h e  f o r e s t s  on Mauna Loa (see a l s o  d i s c u s s i o n  by G o f f  
and van R i p e r ,  1980). G r e a t e s t  mosqu i to  d e n s i t i e s  were found t o  be 
a s s o c i a t e d  w i t h  k i p u k a s  (an i s l a n d  o f  o l d e r  v e g e t a t i o n  sur rounded by a  
more r e c e n t  l a v a  f l o w  w i t h  younger  v e g e t a t i o n )  and human h a b i t a t i o n  (most 
d r i n k i n g  w a t e r  i n  Hawai i  i s  i n  wa te r  t a n k s  wh ich  s t o r e  r a i n f a l l  f r om house 
r o o f s ) .  Two rnosqui t o  spec ies  were c o l  l e c t e d  r e g u l a r l y  t h r o u g h o u t  t h i  s 
s t u d y ,  Aedes a l b o p i c t u s  and Cu lex  q u i n q u e f a s c i a t u s .  
La rvae  and pupae o f  - C. q u i n q u e f a s c i a t u s  were p r e s e n t  f rom sea l e v e l  
t o  1500 12 e l e v a t i o n  t h r o u g h o u t  each month o f  t h i s  s tudy  ( F i g .  6 ) .  D u r i n g  
Ju ly -Augus t  t h i s  iviosquito was found b r e e d i n g  up t o  1650 m e l e v a t i o n ,  t h e  
h i q h e s t  reaches o f  t h e  e x t a n t  mesic f ( ~ r e s t s  o f  Mauna 1-oa. I n  a d d i t i o n  t o  
t h e s e  da ta  f rom ou r  a r t i f i c i a l  o v i p o s i  t i o n  s i t e s ,  " n a t u r a l  " o v i p o s i t i o n  
s i t e s  were found t o  he p o o l s  o f  wa te r  on nonporous l a v a  and f e l  l e d  t r e e s ,  
t r e e h o l e s ,  ground poo ls ,  hapu 'u  stumps, p i g  wa l lows,  r a i n  b a r r e l  s, and 
c a t t l e  w a t e r i n g  t rouqhs .  G o f f  and van R i p e r  (1980)  documented b r e e d i n q  o f  
C. q u i n q u e f a s c i a t u s  t h r o u g h o u t  t h e  e n t i r e  y e a r  a t  e l e v a t i o n s  o f  1350 rn i n  
- 
x e r i c  h a b i t a t  and 1500 In i n  mes ic  h a b i t a t  on Mauna Loa. Other  r e c o r d s  
from t h e  i s l a n d  o f  Hawai i  r e c o r d  b r e e d i n g  a t  even h i q h e r  e l e v a t i o n s .  
Swezey dnd W i l l i a m s  (1932) found egq r a f t s  i n  a  r a i n  b a r r e l  a t  1829 m on 
M t .  H u a k l a i  and l a r v a e  a t  1981 m on Mauna Kea, and Komatsu (1966)  
r e p o r t e d  egg r a f t s  f rom c o n c r e t e  p o o l s  a t  1981 m on Mauna Kea. 
A d u l t  C. - -  q u i n q u e f a s c i a t u s  were c o l l e c t e d  i n  l i g h t  t r a p s  opera ted  hy 
t h e  Hawai i  S t a t e  Department o f  H e a l t h  a t  e l e v a t i o n s  below 900 m. T h i s  
mosqu i to  showed i n c r e a s i n g  a d u l t  p o p u l a t i o n s  f rom January  u n t i  1  J u l y -  
August, a f t e r  wh ich  numbers f e l l  p r e c i p i t o u s l y  (F ig .  7 ) .  S tandard  New 
Je rsey  Mosqu i to  L i g h t  t r a p s  were opera ted  a t  a l l  s t a t i o n s  above 600 m f o r  
a  s i  x-month p e r i o d ,  h u t  no mosqu i toes  were c o l  l e c t s d ,  even when a  C02 
a t t r a c t a n t  was employed. These d a t a  p o i n t  t o  t h e  g e n e r a l l y  o v e r a l l  low 
d e n s i t y  of mosqu i toes  a t  h i g h e r  e l e v a t i o n s  on Hawai i .  D u r i n q  t h i s  same 
t i m e  p e r i o d  b i  t i n q  c o l l e c t i o n s  u s i n g  humans a t  a l l  s t a t i o n s  above 300 I ~ I  
e l  e v a t i o n  y i e l d e d  n e g a t i v e  r e s u l t s  f o r  - C. q u i n q u e f a s c i a t u s .  F o r  example, 
d u r i n q  t h r e e  24-hr  b i t i n g  c o l l e c t i o n s  a t  1200 m e l e v a t i o n ,  o n l y  two a d u l t  
mosqui t oes  were ohserved and n e i  %her  a1 i qhted.  Even though a d u l t  - C.
q u i n q u e f d s c i a t u s  reach h i g h  l e v e l  s  a t  l ower  e l e v a t i o n s  d u r i n q  t h e  warmer 
months o f  t h e  year ,  d e n s i t i e s  a t  t h e  h i g h e r  e l e v a t i o n s  a re  a p p a r e n t l v  
q u i t e  low, a l b e i t  t h e y  a r e  s t i l l  i n  g r e a t  enough numbers t o  cause h i q h  
l e v e l s  o f  a v i a n  m a l a r i a .  
A. a l b o p i c t u s  l a r v a e  and pupae were recovered f rom our  a r t i f i c i a l  
- 
o v i p o s i t i o n  s i t e s  o n l y  up t o  200 m f o r  a l l  nionths of t h e  study.  Other  
o v i  p o s i t i o n  s i t e s  were a s s o c i a t e d  w i t h  human a c t i v i t y  and cons i  s t e d  
p r i m a r i l y  of c . o n s t r u c t i o n  equipment, d i s c a r d e d  b o t t l e s ,  t i r e s ,  cans and 
sundry human re fuse.  No A. a l b o p i c t u s  l a r v a e  were found above 900 rrl 
- 
e l e v a t i o n .  - A. a l h o p i c t u s  have been r e p o r t e d  t o  be m ino r  v e c t o r s  of a v i a n  
m a l a r i a  (Boyd 1949), and ou r  a t t e m p t s  t o  t r a n s m i t  P. r. c a p i s t r a n o a e  w i t h  
- - 
t h i s  v e c t o r  were unsuccess fu l .  It may be r e s p o n s i b l e  f o r  some m a l a r i a  
t r a n s m i s s i o n  i n  w i l d  b i r d s ,  but. we f e e l  t h a t  i t s  r o l e  i n  Hawai i  i s  
min imal .  
W e r i r n e n t a l  R e s u l t s  
A l t i t u d i n a l  Exposure Exper iment  - -  None o f  t h e  Lavsan F i n c h  which  
were expored f o r  a 12-day p e r i o d  a t  each o f  t h e  16 s tudy  s i t e s  c o n t r a c t e d  
m a l a r i a .  I t  may have been t h a t  t h e  cages were p laced  t o o  h i g h  i n  t h e  
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t r e e s ,  b u t  t h i s  i s  t h e  v e r t i c a l  h e i g h t  s t r a t a  where many n a t i v e  b i r d s  f e e d  
(pe rs .  observ . ) .  Perhaps, because o f  decreased v e c t o r  d e n s i t i e s ,  a  l o n q e r  
exposure p e r i o d  i s  necessary  t h a n  when Warner (1968) conducted h i s  work. 
However, d u r i n g  t h e  course o f  t h e  stud,y r o d e n t s  chewed h o l e s  i n  t h e  
mosqu i to  screen on t h e  l a r g e  h o l d i n g  a v i a r y  a t  t h e  Av ian  Disease 
l a b o r a t o r y  (1200 m e lev . )  wh ich  housed Laysan F i n c h  and P a l i l a  
( P s i t t i r o s t r a  b a i l l e u i ) .  The d a t e  a t  wh ich  t h e  h o l e s  were chewed was n o t  
p r e c i s e l y  known, b u t  t h e  b i r d s  may have been exposed f o r  a t  l e a s t  a f o u r -  
week p e r i o d .  Four o f  t h e  Laysan F i n c h  and two P a l i l a  c o n t r a c t e d  m a l a r i a ;  
m e d i c a t i o n  was g i ven  t o  t h e  b i r d s  and one P a l i l a  s u r v i v e d .  
Asexual M a l a r i a  Cyc le  - -  Our i n i t i a l  s tudy  s t r a i n  o f  - P. - r. 
c a p i s t r a n o a e  (H-1) was e s t a b l i s h e d  on 7 December 1977 f r o m  a  mor ibund 
Apapane. Severa l  o t h e r  s t r a i n s  o r i g i n a t i n g  f rom a  w i l d - c a u g h t  Japanese 
White-eye, a  House Sparrow and o t h e r  Apapane were m a i n t a i n e d  i n  ou r  
l a b o r i i t o r y ,  b u t  when i n n o c u l a t e d  1 n t c  c a n a r i e s ,  no d i f f e r e n c e s  were 
observed i n  t h e  morphology o r  p a t h o g e n i c i t y  o f  t hese  s t r a i n s .  
Each a v i a n  h o s t  used i n  o u r  exper imen ts  was p u t  t h r o u g h  a  r i g i d  
a c c l i m a t i z a t i o n  p e r i o d  a f t e r  c a p t u r e  f rom t h e  w i l d .  These p e r i o d s  were 
q u i t e  v a r i z h l e  between t h e  e i g h t  c h a l l e n g e d  h o s t  spec ies .  Weight  
s t a b i l i z a t i o n  was ach ieved i n  t h e  Canary, R e d - b i l l e d  L e i o t h r i x ,  Japanese 
White-eye, Laysan F inch ,  and Amaki h i  w i t h i n  one week a f t e r  cap tu re .  I n  
f a c t ,  t h e  Laysan F i n c h  spent  t h r e e  weeks i n  sma l l  h o l d i n g  cages on t h e i r  
ocean voyage f rom Laysan I s l a n d ,  and a r r i v e d  a t  h e a v i e r  w e i g h t s  t h a n  when 
t a k e n  i n t o  c a p t i v i t y .  The I i w i  a d j u s t e d  more s l o w l y ,  and we igh t  
s t a b i l i z a t i o n  was n o t  ach ieved u n t i l  an average o f  76.6 ( S E  = 5.27) days 
f o l l o w i n g  cap tu re .  Apapane, t h e  most common honeycreeper ,  a1 so had a  
i d i f f i c u l t  t i m e  i n  a d j u s t i n g  t o  c a p t i v i t y ;  an average o f  71.4 (SE = 2.97) 
days e lapsed b e f o r e  t h i s  spec ies  was ready f o r  c h a l  l e n g e  exper imen ts  w i t h  
t h e  m a l a r i a  p a r a s i t e .  
The f i v e  exper imen ta l  Japanese Whi t e - e y e  and R e d - b i l  l e d  L e i o t h r i x  
were r e f r a c t o r y  t o  t h e  - P.  - r .  c a p i s t r a n o a e  p a r a s i t e ,  as were two o f  t h e  
Mauna Loa Amakihi ( F i g .  8). A11 o t h e r  c h a l l e n g e d  b i r d s  c o n t r a c t e d  
ma1 a r i a ,  a1 though i n t e r -  and i n t r a s p e c i f i c  s u r v i v a l  r a t e s  were v a r i a b l e .  
Because two o f  t h e  Mduna Loa Amakihi  were r e f r a c t o r y ,  t h e i r  Index o f  
Adap t ion  ( I a  = 0.60) was t h e  h i q h e s t  o f  t h e  n a t i v e  spec ies .  The n e x t  
h i g h e s t  qroup was t h e  Canary ( I a  = 0.50), f o l l o w e d  i n  dec reas ing  o r d e r  by 
t h e  Mauna Kea Amakihi ( I a  = 0.33) ,  Apapane ( I a  = 0.30), and t h e  I i w i  ( I a  = 
0.20). The Laysan F i n c h  t o t a l l y  l a c k e d  any immunogenet ic  c a p a c i t y  a g a i n s t  
t h e  i n t r o d u c e d  P. r. c a p i s t r a n o a e  p a r a s i t e  ( I a  = 0) .  
b - - -  
11 enged n a t  i ve A l t h o u g h  s u r v i v a l  c a p a b i l i t i e s  d i f f e r e d  among t h e  cha 
h o s t  spec ies ,  p a r a s i t e m i a  l e v e l s  t h r o u g h o u t  t h e  p a t e n t  p e r  i o d  were s i m i l a r  
( F i q .  9 ) .  Peak p a r a s i t e m i a  l e v e l s  f o r  t h e  Amak ih i ,  Apapane and I i w i  a l l  
f e l l  w i t h i n  400 p a r a s i t e s / 1 0 , 0 0 0  RBC o f  one another .  I n  t h e  one Laysan 
F i n c h  w h ~ c h  s u r v i v e d  p a s t  day 20 o f  t h e  p a t e n t  p e r i o d ,  p a r a s i t e n l i a  l e v e l s  
were d ropp ing ,  a l t h o u g h  t h e  b i r d  d i d  no t  s u r v i v e .  The d i s p a r i t y  o f  
p a r a s i t e m i a  l e v e l s  between t h e  n a t i v e  Hawai ian  spec ies  and t h e  Canary 
i n d i c a t e s  t h e  ve ry  h i g h  s u s c e p t i b i l i t y  o f  t h e  n a t i v e  b i r d s  t o  t h i s  
i n t r o d u c e d  m a l a r i a  p a r a s i t e .  Moreover,  t h e  l e n g t h  o f  t h e  p r i m a r y  a t t a c k  
p e r i o d  was o v e r  t h r e e  t i m e s  l o n g e r  i n  t h e  Hawai ian  spec ies .  The d u r a t i o n  
o f  t h e  p r i m a r y  a t t a c k  i n  t h e  ma in  i s l a n d  Hawai ian  b i r d s  d i d  n o t  co r respond  
t o  t h e  number o f  i n d i v i d u a l s  t h a t  s u r v i v e d .  Fewer I i w i  t h a n  Amakih i  o r  
Apapane s u r v i v e d  t h e  i n f e c t i o n ,  b u t  t h e  l a t t e r  spec ies  c a r r i e d  much h i g h e r  
p d r a s i t e  l e v e l s  f o r  a  l o n g e r  t i m e  p e r i o d .  However, a n a l y s i s  o f  t h e  
o v e r a l l  cou rse  o f  t h e  i n f e c t i o n  does show t h a t  t h e  p r e p a t e n t  p e r i o d  was 
s h o r t e r  i n  t h e  l i w i ,  as was t h e  i n i t i a l  p e r i o d  o f  r i s e .  I n  a d d i t i o n ,  t h e  
l e n g t h  o f  t h e  I i w i  c r i s e s  was a lmost  doub le  t h a t  o f  t h e  o t h e r  two spec ies .  
I n  an a n a l y s i s  o f  immature ( t r o p h o z o i  t e )  , sexua l  (gametocyt,e) , and 
asexua l  ( s c h i z o n t )  fo rms p r e s e n t  t h r o u g h o u t  t h e  p r i m a r y  a t t a c k  p e r i o d  i n  
t h e  Hawai i an b i  r d  h o s t s ,  t rophozo i  t e s  g e n e r a l l y  outnumbered t h e  o t h e r  t w o  
groups o f  p a r a s i  t e s  ( F i g .  10) .  P a r a s i t e  abundance p a t t e r n s  were s i m i l a r  
i n  t h e  Amakihi and I i w i  excep t  t h a t  d u r i n g  t h e  I i w i  c r i s i s  p e r i o d  
s c h i z o n t s  outnumbered gametocytes.  I n  t h e  Apapane, t h e  sexua l  and asexua l  
forms compr ised a  much l a r g e r  pe rcen tage  o f  t h e  t o t a l  p a r a s i t e s  t h a n  i n  
any o f  t h e  o t h e r  spec ies .  The h i g h l y  s u s c e p t i b l e  Laysan F i n c h ,  i n  
a d d i t i o n  t o  h a v i n q  an e a r l i e r  e x p r e s s i o n  o f  p a r a s i t e s  i n  t h e  p e r i p h e r a l  
b l o o d ,  had a  v e r y  d i f f e r e n t  p a t t e r n  o f  p a r a s i t e  abundances. Except  d u r i n g  
a  b r i e f  t h ree -day  p e r i o d ,  s c h i z o n t s  outnumbered gametocytes. Moreover, a  
5 c r i s i s  p e r i o d  seems t o  have o c c u r r e d  sn t h e  ma tu re  sexual  and asexual  
forms, b u t  t h e  immature p a r a s i t e s  were s t i l l  i n c r e a s i n g  a t  t h e  t i m e  t h e  
C 
l a s t  i n d i v i d u a l  succumbed. Only i n  t h e  Laysan F i n c h  d i d  we observe a  
decreased food  i n t a k e  j u s t  p r i o r  t o  death,  and t h i s  was t h e  o n l y  spec ies  
wh ich  e x h i b i  t ed  an a p p r e c i a b l e  we igh t  d e c l i n e  ove r  t h e  p a t e n t  p e r i o d .  
The d a i l y  s c h i z o y o n i c  c y c l e  i n  t h e  b l o o d  was asynchronous when t h e  
p a r a s i t e s  were ana lyzed as percentages o f  t h o s e  counted on a  s i n g l e  
occas ion  as recommended b,y Garnham (1966).  However, when expressed as t h e  
number of p a r a s i t e s  pe r  10,000 RBC ove r  a  24 h r  c y c l e ,  p e r i o d i c i t y  o f  - P.
r. c a p i s t r a n o a e  i n  t h e  Apapane, Amakihi and Canary e x h i b i t e d  a  q u a r t a n  
- 
c y c l e ,  . w i t h  peaks o c c u r r i n g  a t  a p p r o x i m a t e l y  12-hour i n t e r v a l s  ( F i g .  11).  
Peak l e v e l s  o f  gametocytes i n  t h e  p e r i p h e r a l  b l o o d  o c c u r r e d  i n  t h e  l a t e  
b 
morn i  ng and e a r l y  a f t e r n o o n  hours.  
Sexual M a l a r i a  Cyc le  - -  The d a i l y  a c t i v i t y  p a t t e r n s  o f  - C.
q u i n q u e f a s c i a t u s  and - A. a1 b o p i c t u s  were a n t i p o d a l  ( F i g .  12).  - C.
q u i  n q u e f a s c i  a t u s  were more a c t i  ve d u r i n g  t h e  c o o l e r  n i g h t  ( v i  z. 1800-0600 
h r s )  , whereas - A. a1 b o p i c t u s  e x h i b i t e d  t h e  g r e a t e s t  a c t i v i t y  d u r i n g  t h e  
warmer d a y l i g h t  hours.  The on1.y t i m e  o f  t h e  day when t h e  a c t i v i t y  o f  t h e  
t w o  spec ies  over1 dpped was f rom 1500-2200 h r s .  F o r t v - s i  x  separa te  
f e e d i n g s ,  employ ing 172 - C. q u i n q u e f a s c i a t u s ,  were conducted d u r i n g  t h e  
cou rse  o f  t h i s  study.  A  t o t a l  o f  24 - A. a l b o p i c t u s  were engorged on 
i n f e c t e d  b i r d s  i n  e i g h t  separa te  feed ings ,  and norle became i n f e c t e d .  - C.
q u i n q u e f a s c i a t u s  wou ld  n o t  f eed  d u r i n g  t h e  day ( n  - = 12 r e p l i c a t i o n s ) ,  and 
i t  was necessary  t o  l e a v e  i n f e c t e d  b i r d s  i n  t h e  b i t i n g  cages ove r  n i g h t .  
The sexual  s tage  of t h e  m a l a r i a  c y c l e  was q u i t e  d i f f i c u l t  t o  c o ~ ~ i p l e t e ,  
p r o b a b l y  because o f  t h e  1 o w  ambient  t empera tu res  a t  t h e  1  a b o r a t o r y  (wh ich  
was a t  1200 m e l e v a t i o n ) .  Colder  temperatures a re  we1 1  known t o  . i n h i b i t  
d 
p a r a s i t e  development i n  t he  mosqui to  ( H e w i t t  1940, B a l l  and Chao 1964, 
Hu f f  1968). The e a r l i e s t  ook ine te  development was observed 16 hours  a f t e r  * 
engorgement, and t h e  p a r a s i t e  reached t h i s  s t a t e  o f  development i n  
C 
numerous - C. qui  nquefasc i  a tus.  E a r l y  ook ine te  measurements (7 l e n g t h  = 
6 . 5 ~ ~  SE = 0.61; w id th  = 2.&, SE = 0.22) were s i m i l a r  t o  those g i ven  
f o r  o t h e r  s t r a i n s  o f  - P. r e l i c t u r n  ( C o r r a d e t t i  -- e t  a l .  1970). However, we 
found a ve ry  1  ow i nc i dence  o f  oocyst  development i n  t h e  gu t  w a l l .  It was 
no t  u n t i l  second b 
mosqui to reached h  
c y c l e .  Sporozoi t e  
t h a t  complet ion of 
4)* 
l o o d  meals were s t a r t e d  t h a t  i n f e c t i o n  r a t e s  i n  t h e  
i g h  enough l e v e l s  t o  c o n s i s t e n t l y  complete t h e  sexual 
development was q u i t e  slow, and i t  was not  u n t i l  day 16 
t h e  sexual c y c l e  i n  t h e  mosqui to was achieved (Tab le  
Successful  t r ansm iss i on  o f  - P. - r. capi  s t ranoae by - C. qu i  nquefasc i  a t us  
was f i r s t  demonstrated i n  t h i s  s tudy on 28 September 1979. The mosqui to  
a 
took  i t s  i n i t i a l  b lood  meal on 12 September f rom an Anakihi  w i t h  a  
paras i temia  l e v e l  o f  1500 parasi tes/L0,000 RBC. S ix teen  days l a t e r  t h e  
mosqui to engorged a  second t i m e  on a  non in fec ted  Laysan Finch. Through 
day 4 t h e  Laysan F inch  e x h i b i t e d  no s igns  o f  pa ras i t em ia  i n  t h e  p e r i p h e r a l  
b lood .  'The f i r s t  p a r a s i t e s  were observed on day 5, t h e  i n f e c t i o n  c l imax  
was reached on day 7, b u t  t h e  b i r d  d i d  no t  d i e  u n t i l  day 21. When 
co~npared t o  t h e  c y c l e  of sub innocula ted Laysan F inch  (see Fig.  9 ) ,  these  
da ta  i n d i c a t e  t ha t '  t h e  ma1 a r i a  c y c l e  i n  sporozo i  t e  i n f e c t e d  i n d i v i d u a l s  
t akes  l onge r  t o  develop than  i n  sub innocula ted hosts .  
I n  t h i s  s e c t i o n  o f  t h e  paper we w i l l  concern  o u r s e l v e s  w i t h  ar iswer inq 
f o u r  b a s i c  q u e s t i o n s :  (1) What i s  t h e  p r e s e n t  day d i s t r i b u t i o n  o f  t h e  
m a l a r i a  p a r a s i t e  on t h e  i s l a n d  o f  Hawa i i?  ( 2 )  How s u s c e p t i b l e  t o  m a l a r i a  
a r e  t h e  n a t i v e  l a n d  b i r d s ,  when compared t o  t h e i r  i n t r o d u c e d  c o u n t e r p a r t s ?  
( 3 )  What s e l e c t i v e  fo rces  a r e  c u r r e n t l y  o p e r a t i v e  on t h e  b i r d  p o p u l a t i o n s ,  
and how a r e  t h e  b i r d s  cop ing?  ( 4 )  What r o l e  has m a l a r i a  p l a y e d  i n  t h e  
d e c l i n e  o f  t h e  endemic Hawai ian  a v i f a u n a ?  
M a l a r i a  D i s t r i b u t i o n  
A l t h o u g h  Warner (1968) p resen ted  few da ta  on t h e  a l t i t u d i n a l  
d i  s t r i  b u t  i o n  o f  m a l a r i a  and mosqu i toes  i n  Hawai i , he suggested t h a t  t h e  
v e c t o r ,  - C. q u i n q u e f a s c i a t u s ,  was " f u n c t i o n a l l y "  absent  f rom t h e  f o r e s t s  
above 600 In e l e v a t i o n ;  t h e r e f o r e ,  t h i s  h a b i t a t  was a  " s a f e "  o r  m a l a r i a  
f r e e  zone. Our da ta  i n d i c a t e  a  q u i t e  d i f f e r e n t  p i c t u r e .  B reed ing  
p o p u l a t i o n s  o f  t h e  v e c t o r  a r e  p resen t  i n  t h e  f o r e s t s  on Mauna Loa 
t h r o u g h o u t  much o f  t h e  e x t a n t  n a t i v e  b i r d  h a b i t a t ,  and i n f e c t e d  b i r d s  a r e  
found a t  a l l  e l e v a t i o n s  on t h e  mountain. D u r i n g  t h e  warmer months o f  t h e  
y e a r  - C. q u i n q u e f a s c i a t u s  can be found b r e e d i n g  even i n  t h e  uppermost 
reaches o f  t h e  mesic f o r e s t .  However, d u r i n g  o u r  3-year  s tudy  we r a r e l y  
observed f r e e - f l y i n g  a d u l t  - C. q u i n q u e f a s c i a t u s ,  and t h e  n e g a t i v e  r e s u l t s  
o f  ou r  b i t i n g  exper iments  show o n l y  t o o  w e l l  how d i f f i c u l t  i t  i s  t o  
d e t e r m i n e  t h e  presence o f  t h i s  v e c t o r .  The d a i l y  a c t i v i t y  c y c l e  o f  - C. 
q u i n q u e f a s c i a t u s  i s  asynchronous w i t h  t h a t  o f  man's, and t h u s  t h e  
~nosqu i  t o e s  o f t e n  a v o i d  d e t e c t i o n .  Fur thermore,  Tempe1 i s  e t  a l .  (1970) 
showed a d e f i n i t e  p r e f e r e n c e  o f  t h i s  mosqu i to  t o  b i t e  b i r d s ,  t h u s  f u r t h e r  
r e d u c i n g  t h e  chance o f  human d e t e c t i o n .  However, t h e  30% i n f e c t i o n  r a t e  
of t h e  Apapane p o p u l a t i o n  i s  ev idence  t h a t  a v i a n  m a l a r i a  t r a n s m i s s i o n  i n  
Hawai i does occu r  q u i t e  s u c c e s s f u l  l y  a t  r e l a t i v e l y  l ow  d e t e c t a b l e  v ~ c t o r  
d e n s i t i e s .  
There  i s  t h e  p o s s i b i l i t y  t h a t  - C. q u i n q u e f a s c i a t u s ,  i n  t h e  absence o f  
n a t u r a l  s e l e c t i v e  f o r c e s  p r e s e n t  i n  i t s  n a t i v e  N o r t h  American h a b i t a t ,  has 
r e c e n t l y  undergone an a1 t i  t u d i n a l  expans ion ,  b u t  the  da ta  p r e s e n t l y  
a v d i  1  ah l e  does n o t  c o m p l e t e l y  s u p p o r t  t h i s  hypo thes i s .  It would  have 
meant t h a t  t h e  mosqu i to  was r e s t r i c t e d  t o  e l e v a t i o n s  be low 600 m f rom 1827 
u n t i l  c. 1960, a f t e r  wh ich  i t  sudden ly  e v o l v e d  d u r i n g  a  15-year  p e r i o d  t h e  
a b i l i t y  t o  more t h a n  t r i p l e  i t s  a l t i t u d i n a l  range. The l i k e l i h o o d  o f  t h i s  
r a p i d  expans ion  i s  f u r t h e r  d i m i n i s h e d  by t h e  f a c t  t h a t  e x t e n s i v e  m o s q u i t o  
c o n t r o l  programs were i n i t i a t e d  i n  H a ~ a i i  d u r i n g  t h e  e a r l y  1960 's .  llle 
feel t h i s  v e c t o r  was p r e s e n t  above 600 m  when Warner conducted h i s  i n i t i a l  
m a l a r i a l  su rvey ,  b u t ,  as i s  t h e  case today,  i n  l o w  enough d e n s i t i e s  so 
t h a t  i t  was n o t  d e t e c t e d  on a  r e g u l a r  bas i s .  Fu r the rmore ,  as n o t e d  by 
G o f f  and van R i p e r  (1980) ,  t h e  d i s t r i b u t i o n  o f  t h e  mosqu i to  i s  n o t  u n i f o r m  
a t  h i q h e r  e l e v a t i o n s ,  b u t  c o i n c i d e s  w i t h  t h e  d i s t r i b u t i o n  o f  k i pukas .  
T h i s  d i s j u n c t  d i s t r i b u t i o n a l  p a t t e r n ,  combined w i t h  p r i m a r y  b r e e d i n g  s i t e s  
b e i n g  o t h e r  t h a n  qround p o o l s ,  wou ld  make t h e  d e t e c t i o n  o f  t h e  m o s q u i t o  a t  
h i q h e r  e l e v a t i o n s  u n l i k e l y .  T h i s  i s  suppor ted  by t h e  p a t t e r n  we see today  
w i t h  casua l  o b s e r v a t i o n s  o f  mosqu i toes  a t  h i g h e r  e l e v a t i o n s  (Komatsu 1966, 
Banko i n  Be rqe r  1991) wh ich  a r e  s i m i l a r  t o  t hose  e a r l i e r  o b s e r v a t i o n s  of 
Sweezy and W i l l i a m s  (1932).  
The presence o f  a  v e c t o r  does n o t  n e c e s s a r i l y  i m p l y  t h a t  m a l a r i a  can 
he t r a n s m i t t e d  i n  t h a t  l o c a t i o n .  However, we found  m a l a r i a  p r e s e n t  a t  a l l  
l o c a t i o n s  we sarilpled from sea l e v e l  t o  t h e  h i g h e s t  f o r e s t s .  Some of t h e  
h i  r d s  a t  t h e  h i g h e r  e l e v a t i o n s  undoub ted l y  c o n t r a c t e d  t h e  ma1 a r i a  d u r i n g  
t h e i r  s o j o u r n s  t o  t h e  l ower  f o r e s t s ,  p a r t i c u l a r l y  t h o s e  i n f e c t e d  
i n d i v i d u a l s  c a p t u r e d  a t  t h e  upper x e r i c  s t a t i o n s .  But  t h e  h i q h  l e v e l s  o f  
i n f e c t i o n  a t  1350 m i n  t h e  x e r i c  and I500 m  e l e v a t i o n  i n  t h e  mesic f o r e s t  
can be a t t r i b u t e d  o n l y  t o  t h e  f a c t  t h a t  - C. q u i n q u e f a s c i a t u s  breeds a t  
t h o s e  l o c a t i o n s  t h r o u g h o u t  t h e  year .  
Thc p resen t  day a l t i t u d i n a l  d i s t r i b u t i o n  o f  t h e  m a l a r i a l  p a r a s i t e  on 
Mauna Loa i s  t h e r e f o r e  n o t  a  d i r e c t  r e f l e c t i o n  o f  v e c t o r  d e n s i t i e s  ( F i g .  
13) .  - C. q u i n q u e f a s c i a t u s  a r e  numerous a t  l ower  e l e v a t i o n s ,  y e t  t h e  
m a l a r i a  l e v e l  i n  a v i a n  h o s t s  f rom t h o s e  l o c a l i t i e s  i s  q u i t e  low. I t  i s  
n o t  u n t i l  t h e  m i d - e l e v a t i o n a l  ranges a r e  reached t h a t  m a l a r i a  l e v e l s  i n  
t h e  a v i f a u n a  a p p r e c i a b l y  chanqe, and t h e s e  a r e  a l s o  t h e  l o w e s t  e l e v a t i o n s  
a t  wh ich  t h e  n a t i v e  b i r d s  a r e  p r e s e n t l y  found. I n  t h i s  r e g i o n  o f  o v e r l a p ,  
ma1 a r i a  1  eve1 s  i n c r e a s e  d i  s p r o p o r t i o n a t e l y  t o  t h e  number o f  a v a i  1  a b l e  
v e c t o r s .  As no ted  by G o f f  and van R i p e r  (1980), i t  i s  a t  t hese  e l e v a t i o n s  
t h a t  t h e  k i p u k a  beg ins  t o  f u n c t i o n  as a  mechanism f o r  i n c r e a s e d  c o n t a c t  
between v e c t o r  and h o s t ,  t h u s  i n c r e a s i n g  t h e  p o t e n t i a l  f o r  smal l  v e c t o r  
p o p u l a t i o n s  t o  e f f i c i e n t l y  t r a n s m i t  t h e  m a l a r i a  p a r a s i t e  t o  a  l a r q e  number 
o f  hos ts .  It thus  appears t h a t  a  d i r e c t i o n a l  s e l e c t i o n  p ressu re ,  e x e r t e d  
by t h e  p a t h o g e n i c i t y  o f  t h e  m a l a r i a  p a r a s i t e ,  i s  p r e s e n t l y  f o r c i n g  t h e  
n a t i v e  a v i f a u n a  i n t o  t h e  h i g h e s t  f o r e s t  areas. 
The d i s t r i b u t i o n a l  p a t t e r n  o f  m a l a r i a  i n  Hawai i  toda,y i s  by  no means 
a  s t a t i c  s i t u a t i o n .  Temperature and r a i n f a l l  p a t t e r n s  have a  marked 
e f f e c t  upon l e v e l s  o f  m a l a r i a  i n  t h e  a v i a n  p o p u l a t i o n s ,  p a r t i c u l a r l y  a t  
t h e  mid-and upper e l e v a t i o n a l  f o r e s t  areas. The warmer f a l l  months a l l o w  
i e s  i n  t h e  upper f o r e s t  
l y  a l s o  enhances t h e  s u r v i v a l  
i n  t h e  i n s e c t  hos t .  
C. q u i n q u e f a s c i a t u s  t o  breed a t  h i g h e r  d e n s i t  
- 
reaches ( G o f f  and van R i p e r  1980), and probab 
and c o m p l e t i o n  o f  t h e  p a r a s i t e ' s  sexua l  c y c l e  
Concomi tan t l y ,  h i q h e r  l e v e l s  o f  m a l a r i a  i n f e c t i o n s  i n  t h e  a v i a n  
p o p u l a t i m s  occu r  w i t h  t h e  upper a l t i t u d i n a l  movement o f  t h e  v e c t o r .  
However, i t  i s  now c e r t a i n  t h a t  a v i a n  m a l a r i a  and i t s  v e c t o r  a r e  
d i s t r i b u t e d  f rom sea l e v e l  t o  a t  l e a s t  1500 m t h roughou t  t h e  y e a r  i n  t h e  
f o r e s t s  on Hawai i .  
S u s c e p t i b i l i t y  o f  Hawai ian  R i  r d s  t o  M a l a r i a  
F i e l d  da ta  and l a b o r a t o r y  exper imen ts  have shown t h a t  i n  a l l  cases t h e  
n a t i v e  b i r d s  a r e  more s u s c e p t i b l e  t o  m a l a r i a  than  a r e  i n t r o d u c e d  spec ies  
(F ig .  14) .  T h i s  r e s u l t  i s  n o t  s u r p r i s i n g  when one c o n s i d e r s  t h a t  m a l a r i a  
i s  r e l a t i v e l y  new t o  t h e  Hawai ian  I s l a n d s ,  I n  ~ e r c e i v i n g  t h e  t o t a l  l a c k  
o f  r e s i s t a n c e  t o  m a l a r i a  i n  t h e  Laysan F inch ,  whose p o p u l a t i o n  has never  
been exposed t o  t h i s  p a r a s i t e ,  one o b t a i n s  an i n s i q h t  i n t o  t h e  
immunogenetic c a p a b i l i t i e s  o f  t h e  e a r l y  Hawai ian  av i fauna .  There  
appdrent1.y was ver,y l i t t l e .  The e x p l o s i o n  o f  m a l a r i a  p a r a s i t e s  f o l l o w  
t h e  p r e p a t e n t  p e r i o d  (see F ig .  9 )  p rede te rm ined  t h a t  t h e  e a r l y  b i r d s  
e i t h e r  s u r v i v e d  o r  succumbed; a  g radua l  a d a p t a t i o n  was r a r e l y  p o s s i b l e  
The absence o f  we igh t  l o s s  and t h e  c o n t i n u e d  h i g h  l e v e l s  o f  f a t  i n  o u r  
c h a l l e n g e d  b i r d s  a t t e s t s  t o  t h e  f a c t  t h a t  i n f e c t i o n s  a r e  s t i l l  acu te  i n  
na tu re .  From t h o s e  few e a r l y  i n d i v i d u a l s  t h a t  d i d  s u r v i v e ,  . t h e  
immunoqenetic c a p a b i l i t y  t o  cope w i t h  t h e  m a l a r i a  p a r a s i t e  has now spread 
t h r o u q h o u t  p o r t i o n s  o f  t h e  e x t a n t  p o p u l a t i o n s .  
We found t h a t  each c h a l l e n g e d  spec ies  had a d i f f e r i n g  r e s i s t a n c e  t o  
t h e  ma1 a r i a  p a r a s i t e ,  and t h e  degree o f  s u s c e p t i  b i  1  i t y  appears t o  be a  
d i r e c t  r e f l e c t i o n  o f  t h e  p resen t -day  abundance o f  t h a t  spec ies .  F o r  
example, t h e  I i w i  was t h e  most s u s c e p t i b l e  o f  t h e  c h a l l e n g e d  b i r d s  f rom *: 
t h e  main i s l a n d s ,  and has undergone t h e  g r e a t e s t  p o p u l a t i o n  dec l  i nes .  I n  
1903 P e r k i n s  w r o t e :  "The ' I i w i '  i s  one o f  t h e  most abundant and g e n e r a l l y  
d i s t r i b u t e d  of a l l  of  t h e  Drepan id  b i r d s ,  b e i n g  found th roughou t  t h e  woods 
o f  a l l  t h e  f o r e s t - c l a d  i s l a n d s . "  Now I i w i  a r e  r a r e  on Oahu (Shal  l e n b e r g e r  
1978) and Mo loka i  ( S c o t t  e t  a l .  1977), and a p p a r e n t l y  e x t i n c t  on Lanai  
n 
( H i r a i  1978). S ince B a l d w i n ' s  1953 work on t h e  i s l a n d  o f  Hawai i ,  t h e  
spec ies  has a1 so undergone d r a s t i c  p o p u l a t i o n  r e d u c t i o n s  and range 
c o n t r a c t i a n s  (Conant 1981, S c o t t  e t  a l .  i n  p ress ) .  On t h e  o t h e r  hand, t h e  
Amaki h i  , which we found t o  be t h e  most r e s i  s t a n t  n a t i v e  b i r d ,  i s  s t i  11 
found i n  f a i r l y  h i g h  numbers t h r o u y h o u t  t h e  i s l a n d s .  I n  some cases,  t h i s  
spec ies  has re invaded  areas f rom wh ich  i t  was e a r l i e r  e x t i r p a t e d  (Berqe r  
1981, Pedley 1961, van R i p e r  1973). 
Each b i r d  s p e c i e s  appeared t o  cope w i t h  t h e  h i g h  p a r a s i t e m i a  l e v e l s  
i n  a  d i f f e r e n t  fash ion.  The Mauna Loa Amakihi was t h e  o n l y  n a t i v e  b i r d  
wh ich  was r e f r a c t o r y  t o  t h e  m a l a r i a  p a r a s i t e ,  and a l l  b u t  one o f  t h e  
c h a l l e n g e d  i n d i v i d u a l s  su rv i ved .  The r e l a t i v e l y  h i g h  degree o f  immuni ty  
deve loped by t h i s  b i r d  can be l i n k e d  d i r e c t l y  t o  i t s  l i f e s t y l e .  U n l i k e  
t h e  Apapane and I i w i ,  t h e  Amakihi i s  f a i r l y  seden ta ry  and does n o t  undergo 
r e g u l a r  mass ive  p o p u l a t i o n  s h i f t s  (Ba ldw in  1953). T h i s  would mean t h a t  
any p o p u l a t i o n  found w i t h i n  t h e  " m a l a r i a  zone" would be c o n t i n u a l l y  
exposed t h r o u g h o u t  t h e  y e a r .  Thus, t h e  s e l e c t i v e  e f f e c t  f o r  immunoqenetic 
c a p a b i l i t i e s  would be g r e a t e r  t h a n  f o r  spec ies  wh ich  m i q r a t e  o u t  o f  t h e  
zone d u r i n q  t h e  h r e e d i n q  p e r i o d .  
The d i f f e r e n c e s  t h a t  have deve loped i n  rega rd  t o  t h e  immunoqenet 
c a p a b i l i t i e s  o f  a  spec ies  i s  e x e m p l i f i e d  by t h e  compar ison o f  t h e  wet 
fo res t ,  Mauna Loa and d r y  f o r e s t  Mauna Kea Amakihi p o p u l a t i o n s .  Ma la r  
absent  i n  t h e  d r y  f o r e s t  o f  Mauna Kea (van R i p e r  1975), and t h e  Amakihi  
f rom t h i s  r e g i o n ,  u n l i k e  t h e  Mauna Loa h a k i h i  p o p u l a t i o n ,  were e x t r e n i e l y  
* 
s u s c e p t i b l e  t o  m a l a r i a  ( 1  i g .  8). T h i s  i n d i c a t e s  t h a t  i n t r a i s l a n d  qene 
f l o w  i s  q u i t e  s low i n  Hawa i i ,  as r e c e n t l y  suggested by P r a t t  (1980) f o r  
t h e  Hawai i  E l e p a i o  (Chasiernpis sandwichens is ) .  However, t h e  immunogmet ic  il 
ah11 i t y  t o  r e s i s t  - P. r e l i c t u n  i s  now d e f i n i t e l y  p r e s e n t  i n  a  number o f  t h e  il 
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m a i n  I s l a n d  endemic Hawai ian  b i r d s ,  and shou ld  s tand them w e l l  b a r r i n q  t h e  
f u t u r e  i n t r o d u c t i o n  o f  ano the r  m a l a r i a  spec ies .  
As ment ioned p r e v i o u s l y ,  t h e  I i w i  was t h e  l e a s t  r e s i s t a n t  o f  a l l  t h e  
main I s 1  and endemic passe r ine5  t h a t  we cha l l enged .  The m a l a r i a  c r i s i s  
p e r i o d  was l o n g e r  t h a n  i n  any o t h e r  h o s t  and more i n d i v i d u a l s  d ied.  It i s  
p u z z l i n g  why t h i s  spec ies  s h o u l d  l a g  so f a r  beh ind o t h e r s  i n  i t s  a b i l i t y  
t o  cope w i t h  t h e  m a l a r i a  p a r a s i t e .  Perhaps because o f  t h e  b i r d ' s  p a s t  
f r e q u e n t  m i g r a t i o n s  t o  l o w l a n d  areas ( P e r k i n s  l9O3) ,  an e a r l  i e r  e p i z o o t i c  
such as a v i a n  pox reduced t h e  p o p u l a t i o n  t o  such a  l e v e l  t h a t  gene f l o w  
f o r  immunogeneti c  r e s i  s t a n c e  t o  t h e  new1 y  i n t r o d u c e d  ma1 a r i a  p a r a s i t e  was 
impai red.  T h i s  h y p o t h e t i c a l  i n i t i a l  p o p u l a t i o n  r e d u c t i o n  wou ld  have been 
compounded by t h e  extreme h i l l  s p e c i a l i z a t i o n  o f  t h e  b i r d  and i t s  
i n a b i l i t y  t o  cope w i t h  t h e  a l t e r e d  h a b i t a t  and i n t e r s p e c i f i c  c o m p e t i t i o n  
E 
(Pirnm and Pirnm i n  p ress ) .  However, t h e  f a c t  remains t h a t  t h i s  d i f f e r e n c e  
i n  immunogenetic c a p a b i l i t i e s  may be o n l y  a  r e f l e c t i o n  o f  t h e  s p e c i e s  
q e n e t i c  i n a b i l i t y  t o  cope w i t h  t h e  m a l a r i a  paras it^. 
The Apapane was o f  i n t e r m e d i a t e  r e s i s t a n c e  t o  t h e  - P. - r. c a p i s t r a n o a e  
p a r d s i t e ,  h u t  u n l i k e  t h e  o t h e r  h o s t s  had a  p r o l o n g e d  p a t e n t  p e r i o d  ( F i q .  
9) .  T h i s  was undoub ted ly  t h e  reason why t h e  Apapane had t h e  h i g h e s t  
p o p u l a t i o n  i n f e c t i o n  l e v e l s  t h a t  we reco rded  d u r i n g  t h i s  s tudy.  We 
propose t h a t  t h e  Apapane i s  now i n  an i n t e r m e d i a t e  e v o l u t i o n a r y  p e r i o d  i n  
wh ich  t h e  b i r d  i s  a d a p t i n g  t o  t h e  m a l a r i a  p a r a s i t e .  
u 
The above o b s e r v a t i o n s  would suqgest  t h e  f o l l o w i n g  p a t t e r n  f o r  an 
e v o l u t i o n a r y  sequence o f  r e s i s t a n c e  t o  t h e  m a l a r i a  p a r a s i t e :  (1) T o t a l l y  
n o n r e s i s t a n t  h i r d s  would have an e a r l y  ( r e l a t i v e  t o  t h e  r e s t  of t h e  qroup 
o f  h o s t  s p e c i e s )  e x p r e s s i o n  o f  p a r a s i t e s ;  t h e  c r i s i s  p e r i o d  would occur  a t  
h i g h e r  p a r a s i  t e m i a  l e v e l  s  and t h e  q r e a t  m a j o r i t y  o f .  i n d i v i d u a l  s  would 
succumb t o  t h e  i n f e c t i o n ,  as e x e m p l i f i e d  by t h e  Laysan F inch.  ( 2 )  I n  t h e  
n e x t  phase, as o c c u r r e d  i n  t h e  I i w i ,  f i r s t  e x p r e s s i o n  o f  p e r i p h e r a l  b l o o d  
p a r a s i t e s  would appear l a t e r ;  p a r a s i t e m i a  l e v e l s  would be r e 1 a t i v e l . y  l o w e r  
d u r i n g  t h e  c r i s i s  p e r i o d  b u t  t h e  d u r a t i o n  o f  t h e  c r i s i s  would be extended;  
most i n f e c t e d  i n d i v i d u a l s  wou ld  d i e ,  b u t  i n  t h o s e  t h a t  s u r v i v e d  t h e  p a t e n t  
p e r i o d  would q u i c k l y  abate.  ( 3 )  The n e x t  phase f o l l o w s  t h e  p a t t e r n  o f  t h e  
Apapane i n  wh ich  t h e  t i m e  o f  f i r s t  p a r a s i t e  e x p r e s s i o n  appears t o  be f i x e d  
f o r  t h e  hos t  spec ies ,  as does t h e  peak o f  p a r a s i t e m i a  f o r  t h a t  p a r t i c u l a r  
ma1 a r i a  p a r a s i t e ;  t h e  c r i s i s  p e r i o d  sho r tens ,  more i n d i v i d u a l s  s u r v i v e  t h e  
i n i t i a l  e x p l o s i o n  o f  p a r a s i t e s ,  and t h e  p a t e n t  p e r i o d  i s  g r e a t l y  extended.  
( 4 )  The n e x t  sequence o f  e v o l u t i o n a r y  immunogenetic even ts  i n v o l v e s  a  
s h o r t e n i n g  o f  t h e  p a t e n t  p e r i o d  w i t h  a l l  o t h e r  parameters  o f  t h e  i n f e c t i o n  
rema in ing  t h e  same (e.g., t h e  Mauna Lsa Amakihi p o p u l a t i o n ) .  ( 5 )  The 
f i n a l  s taqes o f  e v o l u t i o n a r y  r e s i s t a n c e  m igh t  t a k e  e i t h e r  o f  two 
d i r e c t i o n s  depending upon t h e  h o s t  response t o  t h e  p a r a s i t e ;  t h e  h o s t  
would e i t h e r  deve lop a  r e f r a c t o r y  a b i l i t y  as i n  t h e  Japanese Whi te -eye ,  
R e d - b i l l e d  L e i o t h r i x ,  dnd some o f  t h e  Mauna Loa Amakihi ,  o r ,  as i n  the 
Canary, suppress ion  of p a r a s i t e  numbers i n  t h e  hos t  would occu r  so t h a t  
t h e  c r i s i s  l e v e l  was n o t  as h i g h ,  and t h e  p a t e n t  p e r i o d  was sho r tened  and 
n o t  as severe. 
Forces P r e s e n t l y  O p e r a t i v e  on N a t i v e  B i r d  P o p u l a t i o n s  
The r e s u l t s  o f  t h i s  s tudy  l e a v e  l i t t l e  doubt  c o n c e r n i n g  t h e  adverse 
impact  t h a t  a v i a n  r r ~ a l a r i a  i s  h a v i n g  on t h e  n a t i v e  l a n d b i r d s  o f  Hawai i .  It 
i s  e v i d e n t  t h a t  s t r o n g  s e l e c t i v e  f o r c e s  a r e  i n  o p e r a t i o n  wh ich  l i m i t  
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r e s t r i c t  
p r e s s u r e  
i r d s  t o  s e l e c t  h a b i t a t s  on Hawai i .  For  example, as w e l l  as 
1 i n g  t h e s e  b i r d s  t o  t h e  h i g h e r  e l e v a t i o n s ,  t h e r e  i s  a  d i r e c t ~ o n a l  
l a r i a  p a r a s i t e  a l s o  t 
'i 
. I n  a d d i t i o n ,  h o s t  
t 
h i r d s  now m i n i m i z e  
f o r c i n g  b i r d s  t o  t h e  d r i e r  areas. The ma 
g e n e r a l l y  depresses n a t i v e  b i r d  p o p u l a t i o n  numbers 
h e h a v i o r a l  p a t t e r n s  have been m o d i f i e d  so t h a t  t h e  
t h e i r  tempora l  c o n t a c t  w i t h  t h e  ma1 a r i a  vec to r .  
Immunogenetic Mechanisms - -  The mesic f o r e s t s  o f  Mauna Loa occupy a  
much l a r g e r  area and have a  h i g h e r  i n s e c t  biomass and s t a n d i n q  c rop  o f  
n e c t a r  p roduc ing  f l o r a  than  does t h e  x e r i c  f o r e s t  ( M u e l l e r  Do~nbois e t  a l .  
1981). One would t . he re fo re  expec t  a  g r e a t e r  d e n s i t y  o f  b i r d s  i n  t h e  niesic 
h a b i t a t .  I n  compar ing c a p t u r e  r a t e s  o f  b i r d s  banded d u r i n g  t h e  same t i m e  
p e r i o d  a t  mesic and x e r i c  s t a t i o n s  o f  s i m i l a r  e l e v a t i o n s ,  o u r  m i s t - n e t  
da ta  i n d i c a t e s  t h a t  t h i s  was n o t  t h e  case. Fo r  example t h e  Apapane, wh ich  + 
i s  p r i n c i p a l l y  a  "wet f o r e s t "  b i r d  (Be rqe r  1981 ) ,  was c a p t u r e d  more o f t e n  
P 
a t  x e r i c  s i t e s  t h a n  a t  mesic s i t e s  o f  s i m i l a r  e l e v a t i o n s  (5 :4  r a t i o ) .  The I 
I i w i ,  ano the r  "wet f o r e s t "  b i r d ,  a l s o  had h i g h e r  c a p t u r e  r a t e s  a t  x e r i c  
s i t e s .  The h i g h e r  c a p t u r e  r a t e s  i n  x e r i c  f o r e s t  may be a  r e s u l t  o f  t h e  
" c d t c h a b i l i t y "  o f  t h e  b i r d s  i n  t h a t  h a b i t a t ,  b u t  n e v e r t h e l e s s  does 
i n d i c a t e  t h a t  "wet f o r e s t "  b i r d s  a r e  p r e s e n t l y  found i n  q u i t e  h i g h  
d e n s i t i e s  t h r o u g h o u t  t h e  y e a r  i n  t h e  d r i e r  areas. The r e s u l t s  o f  a  r e c e n t  
census o f  t h e  b i r d s  on Hawai i  a l s o  shows t h a t  h i g h e s t  n a t i v e  spec ies  
d e n s i t i e s  occu r red  i n  t h e  h i g h  x e r i c  f o r e s t s  ( S c o t t  e t  a l . ,  i n  p r e s s ) .  
Because o f  t h e  a v a i l a b i l i t y  o f  v e c t o r  b r e e d i n g  s i t e s ,  a v i a n  m a l a r i a  l e v e l s  
were u n i f o r m l y  h i g h e r  i n  t h e  mesic areas.  It t h e r e f o r e  appears t h a t  as 
we1 1 as r e s t r i c t i n g  t h e  b i r d s  a l t i  t u d i n a l  l y ,  p r e s s u r e  f rom t h e  m a l a r i a  
p a r a s i t e  i s  f o r c i n g  n a t i v e  b i r d s  i n t o  t h e  d r i e r  areas.  
On t h e  o t h e r  hand i n t r o d u c e d  b i r d s ,  excep t  f o r  t h e  House F inch  which 
i s  p r i r i i d r i l y  a  d r y - f o r e s t  spec ies ,  were c o n s i s t e n t l y  found i n  h i q h e r  
numbers i n  t h e  mesic f o r e s t s .  Fo r  example, t h e  Japanese White-eye which 
i s  u b i q u i t o u s  th roughou t  t h e  i s l a n d s  (Guest 1973),  was c a p t u r e d  a t  h i g h e r  
l e v e l s  more o f t e n  i n  mesic s i t e s  (9 :  1 r a t i o ) .  It t h e r e f o r e  appears t h a t  
t h e  i n t r o d u c e d  b i  rri spec ies  a r e  p r e f e r e n t i a l l y  s e l e c t i n g  t h o s e  areds where 
n a t i v e  spec ies  occur  d i s p r o p o r t i o n a t e l y  i n  l ower  numbers, and t h e  
r e f r a c t o r y  a b i l i t y  o f  many i n t r o d u c e d  spec ies  t o  t h e  m a l a r i a  p a r a s i t e  
c e r t a i n l y  b e n e f i t s  them i n  these  areas. 
W i th  t h e  p r i m a r y  n a t i v e  b i r d  b r e e d i n g  p e r i o d  f r o m  January t o  May, 
h i g h e s t  p o p u l a t i o n  l e v e l s  would be expected i n  June,  a f t e r  f i r s t  y e a r  
b i r d s  have been added t o  t h e  p o p u l a t i o n .  T h i s  was n o t  t h e  case;  t h e r e  was 
i n s t e a d  a  decrease i n  t h e  t o t a l  number o f  b i r d s  cap tu red /100  n e t  hours  
1 d u r i n g  t h i s  p e r i o d  (see F ig .  2 ) .  T h i s  decrease can be a t t r i b u t e d  d i r e c t l y  
t o  t h e  impact  o f  m a l a r i a ,  because t h e r e  i s  a t  t h i s  t i m e  a  sharp i n c r e a s e  
i n  t h e  number o f  i n f e c t e d  b i r d s .  We found s i g n i f i c a n t l y  h i g h e r  
p a r a s i t e m i a  l e v e l s  i n  younger b i r d s  a l t h o u g h  t h e y  were n o t  d i f f e r e n t i a l l y  
b e i n g  i n f e c t e d ) ,  and i t  i s  p r o b a b l y  t h e  dea th  o f  many i n d i v i d u a l s  i n  t h i s  
age group, i n  c o n c e r t  w i t h  t h e  a t t r i t i o n  o f  some a d u l t  b i r d s ,  wh ich  
c o n t r i b u t e s  t o  t h e  low p o p u l a t i o n  l e v e l s  d u r i n g  t h e  p o s t b r e e d i n g  p e r i o d  o f  
t h e  annual c y c l e .  
Nonirnmunogenetic Mechanisms - -  C e r t a i n  nonimmunogenetic p ressu res  a r e  
a1 so e x e r t i n g  themselves wh ich  modi fy t h e  b e h a v i o r  o f  n a t i v e  b i  rds .  
Warner (1968)  noted t h a t  i n  h i s  exper imen ta l  Hawai ian  b i r d s ,  none s l e p t  
w i t h  t h e i r  b i l l  and face  i n t o  t h e  f l u f f e d  b l a c k  f e a t h e r s ,  and t h a t  t h e i r  
1  eqs were c o n t i  n u a l l  y exposed. We have made e x t e n s i  ve  o b s e r v a t i o n s  on t h e  
s l e e p i n g  p o s t u r e s  o f  t h e  c a p t i v e  b i r d s  f rom Kauai and Hawai i .  Kauai 
Anaki h i  and Apapane f r e q u e n t l y  m a i n t a i n e d  a  s l e e p i n g  p o s t u r e  w i t h  t h e  b i l l  
and f a c e  t u c k e d  i n t o  t h e  hack f e a t h e r s  and o f t e n  had one leg r a i s e d  i n t o  a 
t h e  abdorriinal f e a t h e r s .  I n  t h e  b i r d s  r r la inta ined on Hawai i  I s l a n d  d u r i n q  
e 
t h i s  s tudy ,  t h e  Amakihi ,  I i w i ,  and Apapane a l l  s l e p t  i n  t h i s  above 
ment ioned fash ion .  On a few occas ions ,  i n d i v i d u a l s  were found i n  a C 
s l e e p i n q  p o s t u r e  i n  wh ich  t h e y  were c l i n g i n q  t o  t h e  s i d e s  o f  t h e  caqes. 
But  f o r  t h e  most p a r t ,  a l l  d r e p a n i d i d s  t h a t  we have ohserved s l e p t  w i t h  
t h e i r  heads t u c k e d  i n t o  t h e  r u f f l e d  hack f e a t h e r s  and one l e g  r a i s e d  and 
tucked  i n t o  t h e  b r e a s t  f e a t h e r s .  
D u r i n g  t h e  warmer months o f  t h e  y e a r ,  a  number o f  n a t i v e  b i r d s  r e l y  
upon n e c t a r  a s  a  food  source,  and f o l l o w  t h e  a l t i t u d i n a l  f l o w e r i n q  
sequence of n e c t a r - h e a r i n g  t r e e s  (Ba ldw in  1953, Munro 1944, P e r k i n s  1903). 
Larnoure~~x (1973) has shown t h a t  t h e  Hawai i an n e c t a r - p r o d u c i  ng t r e e s  bloom 
a1 ong an e l  e v a t i o n a l  g r a d i e n t ,  w i t h  g r e a t e s t  f l o w e r i n g  a t  l ower  e l e v a t i o n s  L 
d u r i n g  t h e  summer and f a l l  p e r i o d ,  g r a d u a l l y  p r o g r e s s i n g  ups lope  w i t h  t h e  
h i g h e s t  a l t i t u d e  t r e e s  f l o w e r i n g  d u r i n q  t h e  w 
t h a t  i n  o r d e r  t o  o b t a i n  maximum q u a n t i t i e s  o f  
l ower  e l e v a t i o n s  d u r i n g  t h e  f a l l  p e r i o d .  It 
g r e a t e s t  number o f  b i r d s  a r e  found w i t h  m a l a r  
n t e r  months. T h i s  means Q 
n e c t a r ,  b i r d s  must move t o  
s  d u r i n q  t h i s  t i m e  t h a t  t h e  
a. The b i r d s  a r e  t h e r e f o r e  
fo rced  i n t o  t h e  l ower  m a l a r i a  b e l t s  d u r i n g  t h e i r  f a l l  s o j o u r n s  i n  search 
of n e c t a r ,  and a r e  met a t  t h i s  t i m e  by an expand ing v e c t o r  p o p u l a t i o n .  As 
a  r e s u l t ,  t h e  zone o f  rnosqui t o - b i r d  o v e r l a p  i s  q r e a t l y  i n c r e a s e d  and t h e  
p o t e n t i a l  f o r  m a l a r i a  t ramsmiss ion  i s  much h i g h e r  t h a n  i t  o t h e r w i s e  wou ld  
be. It can be seen t h a t  i n t e r a c t i n g  env i ronmen ta l  and b e h a v i o r a l  
a c t i v i t i e s  a r e  d i r e c t e d  toward  m a x i m i z a t i o n  o f  t h e  spread o f  a v i a n  
m a l a r i a .  
Another  nonimniunogenetic a d a p t i o n  i n  r e f e r e n c e  t o  t h e  above ment ioned 
phenomenon of  a l t i t u d i n a l  f l o w e r i n q ,  has been t h e  development o f  a 
b e h a v i o r  i n  wh ich  some n a t i v e  Hawai ian b i r d s  p h y s i c a l l y  relnove t h e ~ u s e l  ves 
each day from t h e  m a l a r i a  zone. MacMi l l en  and Carpen te r  (1980) have shown 
t h a t  t h e  Apapane and I i w i  p r e s e n t l y  undergo d a i l y  a l t i t u d i n a l  m i g r a t i o n s .  
I n d i v i d u a l s  g r a d u a l l y  move downslope d u r i n g  t h e  day, t h e n  j u s t  p r i o r  t o  
dusk g a t h e r  f rom t h e  l ower  e l e v a t i o n s  ( c .  1200 m) and m i g r a t e  ups lope  
c o n v e r g i n g  on a  common " r o o s t i n g "  area a t  a p p r o x i m a t e l y  1700 n e l e v a t i o n .  
A l though  t h e s e  d a i l y  f l i g h t s  a r e  e n e r g e t i c a l l y  c o s t l y ,  t h e s e  a u t h o r s  f e l t  
t h a t  t h e  o v e r a l l  o v e r n i g h t  energy sav ings,  as a  r e s u l t  o f  t h e  the rma l  
p r o t e c t i o n  a f fo rded  by t h e  mature  f o r e s t ,  compensated f o r  t hese  movernents. 
A p p a r e n t l y  t h e s e  f l i g h t s  occu r  o n l y  i n  t h e  warmer, and u s u a l l y  d r i e r  
months o f  t h e  year .  I f  i n  f a c t  t h e  s e l e c t i v e  f o r c e  f o r  t h i s  movement was 
e n e r g e t i c a l  l y  based, one would p r e d i c t  t h a t  t h e s e  f l  i g h t s  wou ld  occu r  
d u r i n g  t h e  c o l d e r  and w e t t e r  w i n t e r  months. We have found t h a t  t hese  two 
spec ies  r e g u l a r l y  breed d u r i n g  t h e  co ld -we t  w i n t e r  months a t  a l l  
. e l e v a t i o n s  we sampled, and our  m i s t - n e t  r e c a p t u r e  da ta  and co lo r -band  
o b s e r v a t i o n s  show t h a t  most b i r d s ' a r e  a l s o  seden ta r~y  d u r i n g  t h i s  b r e e d i n g  
p e r i o d .  
We suggest  t h a t  t h e  d a i l y  even ing  movement t o  a  h i q h e r  e l e v a t i o n  i s  a 
d i r e c t  consequence o f  t h e  s e l e c t i o n  p r e s s u r e  e x e r t e d  by t h e  m a l a r i a  
p a r a s i t e  a t  1  ower ~t ' l  e v a t i o n s .  The common o v e r n i g h t  l o c a t  i o n  i d e n t i  f i e d  bv 
MacMi l l e n  and Carpen te r  (1900) i s  d i r e c t l y  a d j a c e n t  t o  o u r  1650 m m e \ i c  
s t u d y  s i t e ,  and a t  t h i s  l o c a t i o n  we found our  l owes t  l e v e l  o f  m a l a r i a  
i n f e c t i o n  (see F i g .  5 ) .  The b i r d s  l e a v e  t h e  o v e r n i g h t  a rea e a r l y  irl t h e  
~ n o r n i n g  , when - C. q u i  n q u e f a s c i a t u s  a c t i v i t y  l e v e l s  a r e  d e c r e a s i n g  ( see  F i g .  
1 2 ) ,  g r a d u a l l y  work downslope, and reach t h e  l ower  e l e v a t ~ o n s  when - C. 
q u i n q u e f a s c i a t u s  i s  a t  i t s  l o w e s t  a c t i v i t y  l e v e l s .  M a c M i l l e n  and 
Carpen te r  showed t h a t  t h e  even ing  f l i g h t s  began a t  1600 h r s  and most b i r d s  
reached t h e  upper e l e v a t i o n s  by 1830 h rs .  Our d a t a  i n d i c a t e  t h a t  C. (. 
- 
q u i n q u e f a s c i a t u s  a c t i v i t y  does n o t  b e g i n  u n t i l  2000 h r s ,  a t  wh ich  t i n e  t h e  
Ir 
b i  r d s  a r e  absent  f rom t h e  p r i n c i p a l  m a l a r i a  b e l t .  
What was once p r o b a b l y  a  g radua l  movement o f  t h e  b i r d s  downslope 
f o l l o w i n g  t h e  f l o w e r i n g  o f  n e c t a r - p r o d u c i n g  t r e e s  has now e v o l v e d  i n t o  a  
d a i l y  c i r c u l a r  p a t t e r n  ( F i g .  15 ) .  I n  t h e  p a s t ,  t h o s e  b i r d s  t h a t  e i t h e r  
remained i n  t h e  b r e e d i n g  area o r  t h a t  moved l a t e r a l l y  ac ross  t h e  m o u n t a i n  
( H a l d w i n  1953, van R i p e r  1978)  wou ld  n o t  have been a p p r e c i a b l y  a f f e c t e d ,  
n o r  would have t h e  sma l l  segment o f  t h e  e a r l y  Apapane ant1 I i w i  p o p u l a t i o n s  
wh ich  r e t u r n e d  u p s l o p e  each even ing.  However, t h o s e  i n d i v i d u a l s  wh ich  
g r a d u a l l y  moved downslone would have e v e n t u a l l y  had t o  o v e r n i g h t  i n  an 
a rea  o f  h i g h  ma1 a r i a  c o n c e n t r a t i o n .  Owing t o  t h e  ex t reme s u s c e p t i h i l  i t y  
o f  t h e  e a r l y  d r e p a n i d i d s  ( u s i n g  t h e  Laysan F i n c h  as an i n d e x ) ,  t h e  g r e a t  
m a j o r i t y  o f  t hose  i n d i v i d u a l s  most l i k e l y  succumbed t o  m a l a r i a .  4 t  
p r e s e n t ,  t h a t  p o r t i o n  o f  t h e  p o p u l a t i o n  wh ich  s t i l l  undergoes t h e  q r a d u a l  
downslope rnovernent i s  b e i n g  f u r t h e r  reduced i n  numbers. Because o f  t h e  
s e l  e c t i v r  p r e s s u r e  e x e r t e d  by t h e  m a l a r i a  p a r a s i t e  a t  l o w e r  e l e v a t i o n s ,  we 
a r e  t h e r e f o r e  l e f t  t oday  w i t h  d p a t t e r n  i n  wh ich  t h e  l a r q e  m a j o r i t y  o f  t h e  
Apapane and I i w i  undergo d a i l y  a1 t i t u d i n a l  m i g r a t i o n s .  
M a l a r i a  A r r i v a l  Da te  
Given t h e  impact  t h a t  - P. - r. c a p i s t r a n o a e  i s  p r e s e n t l y  h a v i n g  upon t h e  
n a t i v e  Hawai ian  b i r d s ,  t h e  q u e s t i o n  a r i s e s  as t o  t h e  d a t e  t h i s  p a r a s i t e  
was i n t r o d u c e d  i n t o  t h e  i s l a n d s .  It i s  g e n e r a l l y  conceded t h a t  a v i a n  
ma1 a r i a  may have been p r e s e n t  i n  t h e  v e c t o r - f r e e  Hawai i  b e f o r e  h i s t o r i c  
t i m e s  because o f  t h e  a r r i v a l  f rom t i m e  t o  t i m e  o f  p a r a s i t i z e d  m i g r a n t s ,  
I 
and t h a t  a f t e r  t h e  i n t r o d u c t i o n  o f  C. q u i n q u e f a s c i a t u s  i n  1826 t h e  
- 
p a r a s i t e  r a p i d l y  spread ove r  t h e  i s l a n d  c h a i n  (Warner 1968). Therc  
remains some doubt  t o  us t h a t  a  l a r g e  enouqh r e s e r v o i r  o f  m a l a r i a  was 
p resen t  a t  t h i s  ear1.y date ,  and t h a t  i t  was f rom t h i s  source t h d t  m a l a r i a  
spread t o  t h e  n a t i v e  b i r d s  and r e s u l t e d  i n  t h e  innumerab le  e x t i n c t i o n s  i n  
t h e  l a t e  1800s. 
I f  i n  f a c t  m a l a r i a  was a  c a u s a t i v e  f a c t o r  i n  t h e  demise o f  t h e  n a t i v e  
b i r d s  a t  t h e  t u r n  o f  t h e  c e n t u r y ,  one s u r e l y  would have expected i t  t o  he 
cornmon on Hawai i  I s l a n d  d u r i n g  t h e  l a t e  1930s. T h i s  was n o t  t h e  case. 
Ba ldw in  (1941b) d i d  a  su rvey  o f  b l o o d  p a r a s i t e s  t h r o u g h o u t  Hawai i  
Volcanoes N a t i o n a l  Park i n  1938-39, c o l  l e c t i n g  samples f rom 88 i n t r o d u c e d  
and n a t i v e  b i  rds.  He c o l  l e c t e d  b i r d s  f r o m  700 m  t o  2000 m e l e v a t i o n ,  and 
t h e  o n l y  spec ies  i n  wh ich  he d e t e c t e d  m a l a r i a  were t h e  i n t r o d u c e d  
R e d - b i l l e d  L e i o t h r i x  ( c o l l e c t e d  a t  1350 m e l e v a t i o n )  and t h e  C a l i f o r n i a  
Q u a i l  ( c o l l e c t e d  a t  2000 m  e l e v a t i o n ) .  Ra ldwin  conc luded h i s  s t u d y  by 
s a y i n g :  " T h i s  i s  a t  l e a s t  some i n d i c a t i o n  t h a t  t h e r e  was no h i q h  
i n c i d e n c e  o f  h i  r d  m a l a r i a  i n  t h e  n a t i v e  b i r d s  and p o s s i b l y  none a t  a1 1  ." 
I n  t h e  same areas where we found ex t reme ly  h i g h  l e v e l s  o f  m a l a r i a  i n  t h e  
n a t i v e  b i r d s ,  he f a i l e d  t o  f i n d  any. I t  would have been v i r t u a l l y  
i m p o s s i b l e  f o r  h im t o  o v e r l o o k  t h i s  p a r a s i t e  i f  i t  had been p resen t .  
The l a r g e s t  number o f  m i g r a n t s  t o  Hawai i  a r e  sea- and s h o r e b i r d s ,  
wh ich  r e g u l a r l y  t r a v e l  f rom N o r t h  America and As ia .  Recent e x h a u s t i v e  
s t u d i e s  concern ing  d i s t r i b u t i o n  o f  hematozoa i n  b i r d  f a m i l i e s  across  N o r t h  
America ( G r e i n e r  e t  a l .  1975) and As ia  (McClure e t  a l .  1973) have shown 
t h a t  h o t h  groups o f  b i r d s  a r e  n e a r l y  hematozoan-f ree.  Moreover,  n o t  one 
o f  t h e  i n d i v i d u a l s  examined by t h e s e  a u t h o r s  were found t o  h a r b o r  - P.
r e l i c t u m ,  t h e  o n l y  m a l a r i a  p a r a s i t e  p r e s e n t l y  known t o  occu r  i n  Hawai i  
( L a i r d  and van R i p e r ,  i n  p r e s s ) .  Ducks each y e a r  reach Hawai i  on a  
r e g u l a r  b a s i s ,  and a r e  t h e  o n l y  m i q r a n t  hos t  group known t o  c a r r y  P. 
- 
r e l i c t u r n ,  a1 thouqh  P. r. c a p i s t r a n o a e  has never been r e p o r t e d  f rom them. C 
- - 
The s t renuous  c. 4,500 km t r i p  f rom t h e  ma in land  would most c e r t a i n l y  
- 
P 
s e l e c t  a g a i n s t  t h e  a r r i v a l  o f  any i n d i v i d u a l  w i t h  a  h i g h  m a l a r i a  
pa r -as i tev ia .  Moreover,  t h e r e  i s  r e l a t i v e l y  l i t t l e  h a b i t a t  s u i t a h l e  f o r  
m i g r a t i n g  w a t e r f o w l  i n  Hawa i i ,  and t h e s e  areas a r e  r e s t r i c t e d  t o  s e l e c t  
l o c a t i o n s  a l o n g  t h e  s h o r e l i n e s .  Even d u r i n g  t h e  l a t e  1810s t h e  n a t i v e  
p a s s e r i n e s  r a r e l y  f r e q u e n t e d  t h e s e  s h o r e l i n e  areas u n l e s s  blown f rom t h e  
t h a t  h i g h e r  f o r e s t s  by s torms (Henshaw 1902). I t  t h e r e f o r e  seems u n l i k e l y  
111iqrator.y b i r d s  c o u l d  have a c t e d  as a  s u b s t a n t i a l  r e s e r v o i r  o f  a v i a n  
m a l a r i a  i n  Hawai i .  
The Red J u n g l e  Fowl ( G a l l u s  g a l l u s )  was p r o b a b l y  t h e  f i r s t  a v i a n  
i n t r o d u c t - i o n  t o  Hawai i ,  and i t  i s  p r e s e n t l y  be1 i e v e d  t h a t  t h e  Po lynes  
b rough t  t h i s  h i  r d  w i t h  them when t h e y  s e t t l e d  t h e  archepe lago (Rerqer  
1981). A l though  l i t t l e  i s  known about  t h e  fo rmer  range o f  t h i s  b i r d  
i ans 
Hawa i i ,  Schwartz and Schwartz (1949 )  r e p o r t e d  t h a t  i t  i n c l u d e d  p a r t s  o f  
t h e  f o r e s t  f r o m  2130 m e l e v a t i o n  t o  sea l e v e l  on a l l  ma jo r  i s l a n d s .  It i s  
d o ~ h t f u l ,  however, t h a t  t h i s  spec ies  c o u l d  have a c t e d  as a  r e s e r v o i r  f o r  
t h e  m a l a r i a  p a r a s i t e  because Garnham (1966) found t h a t  ch i ckens  were 
scarce1 y, i f  a t  a1 1  , s u s c e p t i b l e  t o  i n f e c t i o n s  o f  - P. re1  i ctum. Moreover,  
i f ch ickens  were h a r b o r i n g  - P. - r. c a p s i t r a n o a e ,  a g r i c u l t u r a l  research  
i n v e s t i g a t i o n  wou ld  a s s u r e d l y  have no ted  i t s  presence i n  Hawai i  l o n g  
b e f o r e  now. 
The cornplete asynchrony o f  - P. - r. c a p i s t r a n o a e  gametocyte p e r i o d 1  c i t y  
and - C. q u i n q u e f a s c i a t u s  a c t i v i t y  l e v e l s  a1 so suggests  t h a t  ma1 a r i a  has 
been a  r e c e n t  a r r i v a l  t o  t h e  Hawai ian  I s lands .  Gametocyte p r o d u c t i o n  
peaks d u r i n g  1200-1500 h r s  ( see  F ig .  11) ,  whereas t h e  v e c t o r  a c t i v i t y  
l e v e l s  peak d u r i n g  2400-0300 h r s  (see F ig .  12). T h i s  means t h a t  when C. 
- 
q u i n q u e f a s c i a t u s  i s  a c t i v e l y  s e e k i n g  b l o o d  meals t h e  sexua l  m a l a r i a  
-
p a r a s i t e s  d r e  d t  t h e i r  l o w e s t  l e v e l s  i n  t h e  a v i a n  h o s t s ,  t h u s  d e c r e a s i n g  
t h e  p o s s i h i l  i t y  o f  success fu l  c o m p l e t i o n  o f  t h e  m a l a r i a  sexua l  c y c l e .  
There a p p ~ r e n t l y  has been i n s u f f i c i e n t  t i m e  f o r  sexua l  p a r a s i t e  p r o d u c t i o n  
t o  s y n c h r o n i z e  w i t h  v e c t o r  p r e v a l e n c e  l e v e l s .  
I n  l i g h t  o f  t h e  above f a c t s ,  we propose t h a t  t h e  v e c t o r ,  C. 
- 
q u i n q u e f a s -  c i a t u s ,  a r r i v e d  w e l l  b e f o r e  an adequate r e s e r v o i r  o f  t h e  
m a l a r i a  p a r a s i t e  was p r e s e ~ t .  I t seems 1 i ke l . v  t h a t  a v i a n  m a l a r i a  was n o t  
permanent1 y  e s t a b l i s h e d  i n  Hawai i  u n t i  1  a f t e r  t h e  numerous re1  eases o f  
i n t r o d u c e d  b i r d s  f o l  l o w i n q  1900. A1 though e a r l y  r e 1  ease r e c o r d s  a r e  
e x t r e m e l y  f r a g m e n t a r y ,  Caum (1933)  l i s t e d  93 e x o t i c  b i r d s  t h a t  had been 
re leased ,  Bryan (1958)  i n c l u d e d  95 s p e c i e s  o f  i n t r o d u c e d  o r  escaped caqe 
b i r d s  i n  h i s  check 1  i s t ,  and Walker (1967 )  no ted  78 k i n d s  o f  p o t e n t i a l  
game b i r d s  r e l e a s e d  i n  Hawai i .  The m a j o r i t y  o f  s p e c i e s  t h a t  s u c c e s s f u l l y  
e s t a b l  i s h e d  p o p u l a t i o n s  i n  t h e  n a t i v e  f o r e s t s  a f t e r  r e l e a s e  were 1  i b e r a t e d  
f o l l o w i n g  t h e  1900s ( B e r g e r  1981). I t i s  a l s o  i n t e r e s t i n g  t o  n o t e  t h a t  
t h e  t y p e  h o s t  o f  - P. - r. c a p i s t r a n o a e ,  t h e  P a i n t e d  Q u a i l  ( C o t u r n i x  
c h i n e n s i s ) ,  was f i r s t  i n t r o d u c e d  i n t o  Hawai i  f rom t h e  O r i e n t  i n  1910 
( L a i r d  and van R i p e r ,  i n  p r e s s ) .  C e r t a i n l y  a f t e r  1920 a  l a r q e  enough p o o l  
o f  i n t r o d u c e d  a v i a n  h o s t s  was p r e s e n t  i n  Hawai i  t o  b e q i n  t h e  spread ? f  
m a l a r i a  t o  t h e  n a t i v e  b i r d  spec ies .  
The p a t t e r n  o f  h i s t o r i c  n a t i v e  l i awa i i an  b i r d  d e c l i n e  i s  b imodal  , and 
s u p p o r t s  t h e  above h y p o t h e s i s  c o n c e r n i n q  t h e  l a t e  i n t r o d u c t i o n  o f  m a l a r i a  
t o  t h e  a rchepe lago  ( T a b l e  5 ) .  The i n i t i a l  r e d u c t i o n  o f  r l a t i v e  b i r d s  
o c c u r r e d  i n  t h e  m id -  and l a t e - 1 8 0 Q s ,  and was u n l i k e l y  t o  b~ t h e  r e s u l t  o f  
t h e  1r1al a r i a  pacas i  t e ,  hecause many o f  t h e  spec ies  t h a t  were e x t i  r p a t e d  
d ~ ~ r i n g  t h i s  p e r i o d  (e.g., t h e  f i n c h - b i  1  l e d  d r e p a n i d i d s  f r o m  Kona) were 
h i s t o r i c a l l y  c o n f i n e d  t o  e l e v a t i o n s  w e l l  above 600 rn. The second 
e x t i n c t i o n  p e r i o d  s t a r t e d  i n  t h e  e a r l y  1900s and was most l i k e l y  t h e  
r e s u l t  o f  t h e  newly  i n t r o d u c e d  P. r. c a p i s t r a n o a e  p a r a s i t e .  The b i r d s  
- - 
t h a t  s~lccumhect d u r i n g  t h i s  p e r i o d  were p r i n c i p a l l y  spec ies  t h a t  were found 
i n  t he  m i d - e l e v a t i o n a l  f o r e s t  a reas ,  t h a t  r e g i o n  where we found t h e  
h i q h e s t  i n c i d e n c e s  o f  a v i a n  m a l a r i a .  
I n  c o n c e r t  w i t h  t h e  second phase of e x t i n c t i o n  was a  c o n t i n u e d  ranqe 
r e d a c t i o n  i n  many o f  t h e  e x t a n t  b i r d  p o p u l a t i o n s .  T h i s  t o o  can be f i x e d  
d i r e c t l y  t o  t h e  l a t e r  i n t r o d u c t i o n  o f  m a l a r i a .  Munro (1944 )  spen t  many 
y e a r s  on Lana i  and documented t h e  s t a t u s  o f  t h e  n a t i v e  a v i f a u n a  on t h a t  
i s l  and. i q  1923 he w r o t e  t h a t ,  i f  a n y t h i n g ,  he saw t h e  n a t i v e  b i r d s  
i n c r e a s i n g ,  b u t  by 1932 t h e y  were a g a i n  d e c l  i n i n g  i n  numbers. The p a t t e r n  
o f  t h e  Ou ( P s i t t i  r o s t r a  p s i t t a c e a )  d e c l i n e  t h r o u g h o u t  Hawai i  i s  
c h a r a c t e r i s t i c  o f  t h o s e  s p e c i e s  wh ich  were g r e a t l y  impacted by a v i a n  
m a l a r i a .  F o r  example, Bryan (1908)  f ound  t h e  b i r d  q u i t e  abundant on 
Mol oka? , b e i  nq encoun te red  a t  eve ry  1  o c a t i o n  he v i  s i t e d ,  b u t  R i cha rdson  
(1949)  f a i l e d  t o  f i n d  t h e  Ou i n  1948, and i t  has n o t  been observed on t h e  
i s l a n d  s i n c e  ( P r a t t  1973, S c o t t  e t  a l .  1977). C a r l s m i t h  (pe rs .  comrn.) 
observed t h e  Ou i n  t h e  Puna d i s t r i c t  o f  Hawai i  i s l a n d  ( e l e v a t i o n  900 m )  
w i t h  r e q u l a r i t y  i n  t h e  1930s, b u t  by 1940 t h e  spec ies  was no l o n g e r  
p r e s e n t  i n  t h o s e  f o r e s t s .  B a l d w i n  found Ou commonly i n  Hawai i  Volcano 
N a t i o n a l  Park i n  1935 and 1938-40 ( R i c h a r d s  and B a l d w i n  1953) ,  b u t  i t  
became much l e s s  cornrllon t h e r e a f t e r  (van R i p e r  1978, Conant 1981 ). 
Y 
Ba ldw in  (1941a, 19531, t h e  f i r s t  o r n i t h o l o g i s t  t o  conduct  s y s t e m a t i c  ., 
censuses o f  t h e  Hawai ian  a v i f a u n a ,  f ound  Creeper ,  Akepa ( ~ o x o p s  c o c c i n e a ) ,  
I i w i  , Apapane, Amakihi , and E l e p a i o  f rom 600 rn e l e v a t i o n  a lonq  t h e  H i1  i n a  
P a l i  Road i n  Hawai i  Volcanoes N a t i o n a l  Park. Conant (1975) r e c e n t l y  
.I censusud B a l d w i n ' s  o r i g i n a l  s t u d y  p l o t s  and found t h a t  i n  t h e  l ower  
r e a c i i ~ s  (600 m - 900 rn) t h e  c reeper ,  Akepa, and I i w i  had d isappeared.  Our 
.I 
m i  s t - n e t  da ta  suppor t  t hese  f i n d i n g s .  Fu r the rmore ,  t h e  n a t i  ve b i  r d  
spec ies  t h a t  p r e s e n t l y  remain  between 600 and 900 m e l e v a t i o n  have 
undergone s i z e a b l e  r e d u c t i o n s  i n  t h e i r  p o p u l a t i o n  numbers. T h i s  p a t t e r n  
o f  b imodal  n a t i v e  b i r d  e x t i n c t i o n  and d e c l i n e  appears t o  be c o n s i s t e n t  
w i t h  t h e  h y p o t h e s i s  o f  a  l a t e r  m a l a r i a  a r r i v a l  da te .  
CONCLIJS I O N  
There  remains  l i t t l e  doubt  t h a t  m a l a r i a  has had, and i s  present1.y 
h a v i n g  a  s i q n i  f i c a n t  n e g a t i v e  impac t  upon t h e  n a t i  ve Hawai ian  a v i f a u n a .  
The e x t i n c t i o n  o f  many s p e c i e s  d u r i n g  t h e  second and t h i r d  decades o f  t h e  
1 9 0 0 ~ ~  and subsequent range r e d u c t i o n s  o f  o t h e r  spec ies  can be a t t r i b u t e d  
d i r e c t l y  t o  t h e  presumed i n t r o d u c t i o n  d a t e  o f  t h e  - P. - r. c a p i s t r a n o a e  
p a r a s i t e .  However, we must  l o o k  e l sewhere  t o  e x p l a i n  t h e  r e d u c t i o n  o f  t h e  
Hawai ian  a v i f a u n a  p r i o r  t o  1910. We a r e  o n l y  now j u s t  s t a r t i n g  t o  
comprehend t h e  impact  P o l y n e s i a n s  had upon t h e  n a t i v e  b i r d s  p r i o r  t o  t h e  
d i s c o v e r y  o f  t h e  I s l a n d s  (James and Olson,  i n  prep.) .  The i n t r o d u c t i o n  o f  
R a t t u s  r , ? t t us  and - R. norweg icus  f o l l o w i n g  t h e  a r r i v a l  o f  Europeans no 
doubt  was a l s o  a ma jo r  f a c t o r  wh ich  c o n t r i b u t e d  t o  t h i s  e a r l y  d e c l i n e  o f  
t h e  n a t i v e  a v i f a u n a  ( A t k i n s o n  1977 ) .  M a j o r  h a b i t a t  m o d i f i c a t i o n s  by man 
and by i n t r o d u c e d  u n g u l a t e s  c e r t a i n l y  p l a y e d  a  p a r t  i n  r e d u c i n g  b i r d  
p o p u l a t i o n  l e v e l s ,  as have t h e  i n t r o d u c e d  p i g ,  mongoose, and f e r a l  c a t .  
If d i s e a s e  d i d  p l a y  a  r o l e  i n  t h e  i n i t i a l  d e c l i n e  o f  t h e  b i r d s ,  a l o g i c a l  
e x p l a n a t i o n  w o ~ r l d  be an a r h o v i r u s  such as Av ian  pox. E a r l y  c o l l e c t e r s  
n o t e d  l e s i o n s  on t h e  n a t i v e  b i r d s  c h a r a c t e r i s t i c  o f  t h o s e  caused by t h e  
Av ian  Pox v i r u s  (Munro 1944, P e r k i n s  1903, R o t h s c h i l d  1893-1900, W i l son  
and Evans 1890-1899), dnd w i t h  t h e  annual  a l t i t u d i n a l  m i q r a t i o n s  o f  man,y 
h i  r d s ,  t h i  s  p a r t i c u l a r  pathogen would have been r a p i d 1  y  spread t h r o u g h o u t  
t h e  f o r e s t s .  We a r e  t h e r e f o r e  l e f t  w i t h  a  m u l t i p l i c a t i v e  p i c t u r e  f o r  t h e  
demise o f  t h e  n a t i v e  Hawai ian  a v i f a u n a .  Av ian  m a l a r i a  has been on1.y one 
o f  t h e  rnan,y reasons f o r  t h e  d e c l i n e  o f  t h i s  u n i q u e  group o f  b i r d s ,  b u t  i s  
one o f  t h e  ma jo r  p o p u l a t i o n  r e g u l a t i n g  rnechani sms o p e r a t i v e  i n  t h e  
Iiawai i an I s 1  ands today.  
GENERAL SUMMARY OF RESULTS 
. 
4 1. Over 4,000 b i r d s  were c a p t u r e d  and marked d u r i n g  t h i s  s tudy,  o f  wh ich  
2,365 were ana lyzed  f o r  b l o o d  p a r a s i t e s .  A t o t a l  o f  7.8% o f  a l l  
i n d i v i d u a l s  was i n f e c t e d  w i t h  m a l a r i a .  
2. We found t h a t  a t  t h e  p r e s e n t  t i m e  t h e r e  i s  a p p a r e n t l y  o n l y  one spec ies  o f  
a v i a n  ma1 a r i  a  i n  Hawai i , P l  asmodi urn r e 1  i ctum ssp. c a p i  s t  ranoae Russel  1  
1932. 
3. Other  b l o o d  p a r a s i t e s  such as m i c r o f i  l a r i a ,  babesoids,  and trypanosornes 
were n o t  d e t e c t e d  d u r i n g  t h i s  s tudy  and appear t o  be absent  i n  t h e  b i r d s  
on tiawai i . 
. 4. Atoxoplasma sp. was i d e n t i f i e d  i n  b l o o d  smears o f  t h e  House Sparrow, 
S p o t t e d  Munia  i ice bird), Japanese White-eye ( m e j i r o ) ;  t h i s  i s  t h e  f i r s t  
r e c o r d  o f  t h i s  b l o o d  p a r a s i t e  i n  Hawai i .  
5. The 'apapane p o p u l a t i o n  had t h e  h i g h e s t  pe rcen tage  o f  i n f e c t e d  
i n d i v i d u a l s ,  ( 29%) ,  o f  a l l  t h e  b i r d  spec ies  we examined. 
6. The ' amak ih i  was t h e  most r e s i s t a n t  o f  t h e  main i s l a n d  n a t i v e  b i r d s  
c h a l  l enged  w i t h  m a l a r i a ;  t h e  'i ' i w i  was t h e  l e a s t  r e s i s t a n t .  
r 7. I n f e c t i o n  l e v e l s  o f  i n t r o d u c e d  b i r d s  was low, ave rag ing  l e s s  t h a n  5%. 
8. B i r d s  were more l i k e l y  t o  be exposed t o  m a l a r i a  i n  t h e  months o f  J u l y  
t h r o u q h  December; November and December were t h e  rnonths i n  which 
b i r d s  had t h e  h i g h e s t  i n f e c t i o n  l e v e l s .  
9. Young h i  r d s  were n o t  p r e f e r e n t i a l l y  b e i n q  i n f e c t e d  w i t h  m a l a r i a ,  h u t  
once i n f e c t e d  t h e y  had l e s s  chance o f  s u r v i v i n q  t h a n  d i d  a d u l t  b i r d s .  
10. E l e v a t i o n  had t h e  g r e a t e s t  i n f l u e n c e  upon p o p u l a t i o n  i n f e c t i o n  l e v e l s  
o f  m a l a r i a  i n  t h e  b i r d s  on Nauna Loa, Hawai i .  H i g h e s t  m a l a r i a  l e v e l s  
o c c u r r e d  i n  t h e  m i d  e l e v a t i o n  zones (1000-1500 m  = he1 ow Hi r a n o ' s  
s t o r e  t o  K ipuka Ki)  where n a t i v e  b i r d s  and mosqu i toes  ove r1  apped t o  
t h e  q r e a t e s t  deqree,  
11. The d a i l y  mov~men t  p a t t e r n  o f  n a t i v e  b i r d s  t o  h i g h e r  e l e v a t i o n s  may 
be a  d i r e c t  r e s u l t  o f  t h e  b i r d s  remov ing themselves  each day from t h e  
ma1 a r i a  zone. 
12. N a t i v e  b i r d s  were seldom c a p t u r e d  be low 1000 ni (3,000 f t . ) ,  most 
l i k e l y  a s  a  d i r e c t  consequence o f  t h e  impac t  o f  t h e  m a l a r i a  p a r a s i t e .  
13. N a t i v e  b i r d s  were found  a t  l ower  e l e v a t i o n s  i n  t h e  d r y  ( H i l i n a  P a l i  
a r e a )  as compared t o  t h e  wet ( T h u r s t o n  l a v a  t u b e  t o  Moun ta in  View) 
f o r e s t s  on Hawai i  , presumably  because o f  reduced m a l a r i a  p a r a s i t e s  i n  
t h e  dr,y f o r e s t s .  
14. Wet f o r e s t  b i r d  p o p u l a t i o n s  had h i g h e r  l e v e l s  o f  ~ n a l a r i a  t han  b i r d s  
f 
f r om t h e  d r i e r  f o r e s t s ,  presumably because o f  i n c r e a s e d  mosqu i toes .  . 
15. I n t r o d u c e d  b i r d s  were cap tu red  i n  g r e a t e r  numbers where n a t i v e  b i r d s  
were absent ,  s u g g e s t i n g  t h a t  t h e  i n t r o d u c e d  spec ies  a r e  f i l l i n g  t h e  
* 
4 
v o i d s  c r e a t e d  a f t e r  n a t i v e  spec ies  have disappeared.  
4 16. The n i g h t  b i t i n g  mosqu i to  (Cu lex  q u i n q u e f a s c i a t u s )  was found t o  be 
t h e  p r i n c i p a l  v e c t o r  o f  b i r d  m a l a r i a  i n  Hawai i .  
17. P r imary  mosqu i to  b r e e d i n g  s i t e s  were t r e e  ho les ,  p i q  wa l l ows ,  human 
r e f u s e ,  and dead hapu 'u  t r u n k s  and stumps. 
18. Mosqu i to  d i  s t r i  b u t i o n  goes as h i g h  as upper K ipuka K i  (1500m 
e l e v a t i o n )  i n  Hawai i  Volcanoes N a t i o n a l  Park;  b r e e d i n g  occurs  a t  t h i s  
e l e v a t i o n  t h r o u g h o u t  t h e  yea r .  The mosqu i to  d i s t r i b u t i o n  i s  n o t ,  
however, u n i f o r m  a t  h i g h e r  e l e v a t i o n s  b u t  c o i n c i d e s  w i t h  t h e  
d i s t r i b u t i o n  o f  Kipukas.  
19. It i s  b e l i e v e d  t h a t  Plasmodium r e l i c t u m  ssp. c a p i s t r a n o a e  d i d  n o t  
reach Hawai i  u n t i l  a f t e r  1900, p r o b a b l y  t h r o u g h  t h e  numerous cage- 
- b i r d  r e l e a s e s  t h a t  o c c u r r e d  d u r i n g  t h a t  p e r i o d .  
20. Av ian m a l a r i a  i s  one o f  t h e  m a j o r  b i r d  p o p u l a t i o n  r e g u l a t i n g  
rnechanisns o p e r a t i v e  i n  t h e  Hawai ian I s l a n d s  today.  M a l a r i a  i s  
p r e s e n t l y  r e s t r i c t i n g  t h e  n a t i v e  Hawai ian  1dnd b i r d s  t o  t h e  h i a h e r  
and d r i e r  f o r e s t  areas.  
MANAGEMENT RECOMMENDATIONS 
I .  PROHL-EM 
--
R e s u l t s  o f  t h  
i s  a d v ~ r s l y  a f f e c t  
Park. 
i s  s tudy  show t h a t  t h e  i n t r o d u c e d  a v i a n  m a l a r i a  p a r a s i t e  
i n g  t h e  a v i a n  resou rces  o f  Hawai i  Volcanoes N a t i o n a l  
I n  1978 t h e  V a t i o n a l  Park S e r v i c e  i s s u e d  "Management P o l i c i e s "  i n  wh ich  
t h e y  s t a t e  ( p .  I V  - 1 2 ) :  
" M a n i p u l a t i o n  o f  p o p u l a t i o n  numbers o f  e x o t i c  p l a n t  and an imal  
spec ies ,  up t o  and i n c l u d i n g  t o t a l  e r a d i c a t i o n ,  w i l l  he u n d e r t a k e n  
when eve r  such spec ies  t h r e a t e n  p r o t e c t i o n  o r  i n t e r p r e t a t i o n  o f  
resou rces  b e i n g  p rese rved  i n  t h e  park . "  
There  cdn be no q u e s t i o n  t h a t  t h e  i n t r o d u c e d  m a l a r i a  an imal    paras it^) i s  
t h r e a t e n i n g  t h e  n a t i v e  b i r d  corllrnunity w i t h i n  Hawai i  Volcanoes N a t i o n a l  
Park ,  and manaqement s teps  shou ld  be t a k e n  t o  reduce t h e  p o p u l a t i o n  o f  
t h i s  e x o t i c  animal .  
It has been found i n  o t h e r  s i t u a t i o n s  t h a t  t h e  i d e a l  p l a c e  i n  t h e  
m a l a r i a  c y c l e  t o  d i r e c t  c o n t r o l  measures i s  t oward  t h e  l a r v a l  s tage  o f  t h e  
mosqu i to .  Mosqu i toes  need s t a n d i n g  wa te r  t o  b reed  and w i t h o u t  t h i s  wa te r  
t h e  mosqu i to  can n o t  rep roduce  and t h e  m a l a r i a  c y c l e  i s  broken.  
For tunatc? l ,y ,  because o f  t h e  porous basa l  t i c  l a v a  s u b s t r a t e  o f  H a w a i i ' s  
n a t i o n a l  pa rks ,  t h e r e  i s  l i t t l e  s t a n d i n g  water .  What s t a n d i n g  w a t e r  t h a t  
does e x i s t s  i n  " n a t u r a l "  c o l l e c t i o n  s i t e s ,  u s u a l l y  d r i e s  up p r i o r  t o  t h e  
10-14 days r e q u i r e d  f o r  t h e  m o s q u i t o  l a r v a  t o  hatch.  Moreover ,  t h e  
ma. io r i  t y  o f  s i t e s  i n  wh ich  we observed mosqui t o  h r e e d i n q  were a r t i  f i c a l  
dnd /o r  c l o s e l y  a s s o c i a t e d  w i t h  human a c t i v i t y .  
.I 
The f o l l o w i n g  recommendations dea l  w i t h  ways h,y wh ich  N a t i o n a l  Park .. 
S e r v i c e  personne l  can reduce t h e  d e n s i t y  o f  mosqu i toes  i n  t h e  Park. These 
e f f o r t s  w i l l  u l t i m a t e l y  he 
m a l a r i a  p a r a s i t e  i s  h a v i n g  
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l p  i n  r e d u c i n g  t h e  impact  t h a t  t h e  i n t r o d u c e d  
upon t h e  n a t i v e  b i r d  resources  o f  t h e  park .  
I n  o r d e r  t o  e l i m i n a t e  as much s t a n d i n g  wa te r  as p o s s i b l e ,  we recommend 
t h a t :  
A. A mas te r  rrlap o f  t h e  park  s h o u l d  be e s t a h l  i s h e d  and m a i n t a i n e d  a t  the  
Resources Management O f f i c e .  On t h i s  map a l l  i d e n t i f i e d  s t a n d i n g  w a t e r  
l o c a t i o n s  shou ld  be reco rded  and then  c rossed  o f f  a f t e r  t h e y  have been 
e l i m i n a t e d .  
O .  A l l  g u t t e r s  on b u i l d i n g s  w i t h i n  t h e  park  shou ld  be r e p a i r e d  and 
p r o p e r l y  s l a n t e d  so t h a t  wa te r  d r a i n s  c o m p l e t e l y  o u t  o f  t h e  system. The 
g u t t e r s  shou ld  be p e r i o d i c a l l y  c leaned so t h a t  l e a v e s  do n o t  p l u g  t h e  
d r a i n s  and c r e a t e  s t a n d i n g  wa te r  wh ich  u l t i m a t e l y  r e s u l t s  i n  mosqu i to  
b r e e d i n g  h a b i t a t .  The recommended schedu le  o f  c l e a n i n g  i s  once d u r i n g  t h e  
w i n t e r  months (November-March) and a t  l e a s t  t w i c e  d u r i n g  t h e  remainder  of  
t h e  ,year. A sample schedu le  f o r  t h e  g u t t e r  m o n i t o r i n g  m i g h t  he Februa ry ,  
J u l y ,  and September. 
C. A 1  1  c o n s t r u c t i o n  s i t e s  shou ld  be p r o p e r l y  d r a i n e d  so as t o  m i n i m i z e  
areas w i t h  s t a n d i n q  water .  Fo r  example, t h e  e x e r c i s e  t r a c k  was n o t  
p r o p e r l y  graded and s t a n d i n g  water  was o f t e n  found i n  t h e  c e n t e r .  A t  
ano the r  l o c a t i o n  near  t h e  imu p i t  a t  t h e  Research Cen te r ,  m e t a l  r o o f i n q  
was 1  e f t  on t h e  ground, wa te r  seeped between t h e  sheets ,  and mosqui t o e s  
s t a r t e d  b r e e d i n g  t h e r e .  As w e l l  as m o n i t o r i n g  p r e s e n t  l o c a t i o n s ,  a1 1  
peop le  concerned w i t h  f u t u r e  c o n s t r u c t i o n  i n  t h e  park  s h o u l d  be made aware 
o f  t h i s  prob lem p r i o r  t o  work ing  on t h a t  p r o j e c t .  
D .  F e r a l  p i q  p o p u l a t i o n s  shou ld  be reduced, and where p o s s i b l e ,  
e l i m i n a t e d  w i t h i n  t h e  boundar ies  o f  t h e  N a t i o n a l  Park. A l a r g e  p o r t i o n  o f  
t h e  reco rded  mosqu i to  h r e e d i n y  s i t e s  wer2 t h e  d i r e c t  r e s u l t  o f  f e r a l  p i g  
d i s t u r b a n c e .  For exarrlple, p i g  wa l lows  were m a j o r  mosqu i to  b r e e d i n g  s i t e s  
a s  were Fern ( h a p u ' u )  t r u n k s  t h a t  had been pushed over  and  t h e  c e n t e r  
eaten out .  
E. When f e a s i b l e ,  pa rk  personne l  shou ld  c a r r y  machet tes  w i t h  them i n  t h e  
F i e l d  so t h a t  t hey  can c r o s s - c u t  each o f  t h e  p r o s t r a t e  hapu 'u  s t m p s  t h e y  
f i n d  which c o n t d i  n s t a n d i n g  water .  I n  a d d i t i o n ,  pe rsonne l  shou ld  c o n t i n u e  
t o  remove a l l  c o n t a i n e r s  i n  t h e  f o r e s t s  t h a t  m i g h t  h o l d  water ,  and t h u s  
a c t  as a  p o t e n t i a l  mosqu i to  b r e e d i n g  s i t e .  
F. An e f f o r t  s h o u l d  be made t o  reduce t h e  number o f  wa te r  c o n t a i n e r s  i n  
t h e  f o r e s t s .  Ra in  b a r r e l s  shou ld  be empt ied  where f e a s i b l e  (e.g. K ipuka 
t 
K i  f i r e  cache, and a t  t h e  end o f  t h e  H i l i n a  P a l i  Road). Old s t o c k  % 
w a t e r i n g  t r o u g h s  s h o u l d  be removed, and a c t i v e  ones shou ld  be d r a i n e d  when 
n o t  i n  use f o r  an extended t i m e  pe r iod .  Large wa te r  c o l l e c t i o n s  shou ld  be 
screened where f e a s i b l e ,  and a l l  f u t u r e  water  c o l  l e c t i n g  d e v i c e s  shou ld  
have t h e  p r e v e n t i o n  o f  mosqu i to  e n t r y  i n  mind when b e i n g  des igned.  
G.  A1 1  park  employees shou1.d be made aware o f  t h i s  p rob lem by some 
e d u c a t i o n a l  dev i ce ,  perhaps i n i t i a t e d  by i n t e r p r e t a t i o n .  I n  t h i s  manner, 
when v i s i t o r s  and employees f i n d  bod ies  o f  s t a n d i n g  w a t e r ,  t h e  l o c a t i o n  
w i l l  be r e p o r t e d  and a p p r o p r i a t e  a c t i o n  can be t a k e n  by t h e  Resources 
Management S t a f f .  
I I. PROBLEM 
We have found two t y p e s  o f  b l o o d  p a r a s i t e s  i n  b i r d s  f rom Hawai i  Volcanoes 
N a t i o n a l  Park :  1) m a l a r i a ;  and, 2 )  Atoxoplasma ( L a n k e s t r e l  l a  sp. ). The 
l a t t e r  p a r a s i t e  has h e r e t o f o r e  n o t  been r e p o r t e d  f r o m  Hawai i ,  and t h e  
p a t h o g e n e c i t y  o f  Atoxoplasma t o  n a t i v e  b i r d s  i s  n o t  known. We have found 
heavy i n f e c t i o n s  o f  Atoxoplasma i n  t h e  i n t r o d u c e d  House Sparrow on Hawai i .  
S ince  t h e  e f f e c t s  o f  Atoxoplasma on n a t i v e  b i r d s  i s  n o t  y e t  known, a  
h i g h l y  i n f e c t e d  r e s i d e n t  spar row p o p u l a t i o n  c o u l d  o f f e r  a  s i g n i f i c a n t  
r e s e r v o i  r o f  t h i  s  d isease.  
House Sparrows a r e  n o t o r i o u s  f o r  t h e i r  a f f i n i t y  t o  man. I n  Hawai i  
Volcanoes N a t i o n a l  Park we have found them b r e e d i n g  p r i m a r i l y  i n  and 
around human h a b i t a t i o n s .  The b u i l d i n g s  i n  t h e  pa rk  wh ich  a r e  u t i l i z e d  by 
Sparrows f o r  n e s t i n g  a r e  r e l a t i v e l y  few, b u t  b e i n g  spread o u t  and "molded" 
i n t o  t h e  s u r r o u n d i n g  f o r e s t ,  sparrows f r e q u e n t l y  a r e  found i n  t h e  same 
areas as a r e  many n a t i v e  b i r d  spec ies .  C o l o n i e s  o f  spar rows p r e s e n t l y  
appear l i m i t e d  t o  t h e  area near KMC ( i n c l u d i n g  t h e  g o l f  cou rse ) ,  t h e  
r e s i d e n t i a l  area ( i n c l u d i n g  Volcano House), and t h e  Hawai i  F i e l d  Research 
Center  area.  S ince these  smal l  spar row c o l o n i e s  a r e  q u i t e  f a r  removed 
f rom source areas o u t s i d e  o f  t h e  pa rk ,  t h i s  i n t r o d u c e d  spec ies  can 
p o t e n t i a l l y  be c o n t r o l l e d .  
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I n  o r d e r  t o  c o n t r o l  spar row p o p u l a t i o n s  i n  Hawai i Volcanoes N a t i o n a l  
Park, we recommend t h a t :  
A. The park  i m m e d i a t e l y  o b t a i n  f rom Hawai i  DLNR and t h e  US F i s h  & 
W i l d l i f e  S e r v i c e  t h e  p roper  p e r m i t s  f o r  c o l l e c t i n g  House Sparrows i n  t h e  
park .  
13. House Sparrows he removed f rom t h e  park  by t h e  most humane and 
~ x p e d i a n t  means p o s s i b l e  (we suggest  t h a t  t hey  can be d i s c r e t e l y  t r a p p e d  r 
--
by cages b a i t ~ d  w i t h  b i r d  sued). 
C. A1 l b r e e d i n g  areas be kep t  f r e e  o f  nes ts .  Fo r  example, t h e  autornot i  ve 
qaraqe i n  t h e  park  was c l m n e d  o f  n e s t s  t w i c e  d u r i n g  1979, b u t  t h e  b i r d s  
i rnniediate l  y r e t u r n e d .  It i s  recommended t h a t  i n  areas such as t h e  garage 
t h e  eves o f  t h e  h t r i l d i n g  be permanent ly  screened t o  p r e v e n t  t h e  e n t r y  o f  
n e s t i  ng House Sparrows. The c o n t i n u e d  d e s t r u c t i o n  o f  n e s t s  and r e d u c t i o n  
o f  n e s t i  nq s i t e s  m i g h t  d i  scourage o t h e r  sparrows f rom e s t a b l  i s h i n q  
r e s i d e n c y  i n  t h e  N a t i o n a l  Park. 
D. F o l l o w i n g  e r r a d i c a t i o n  o f  t h e  e x t a n t  p o p u l a t i o n ,  t h o s e  few b i r d s  wh ich  
have emig ra ted  i n t o  t h e  pa rk  shou ld  be d i sposed  o f  on a b i a n n u a l  bas i s .  A < .  
schedu le  f o r  t h i s  m o n i t o r i n g  scheme m igh t  be s u r v a l i e n c e  and t r a p p i n g  once 
1 
1 
b e f o r e  t h e  s p r i n q  and once b e f o r e  t h e  f a l l  " m a l a r i a  h ighs . "  
I I I .  MANAGEMENT RECOMMENDATION SUMMARY 
I n  o r d e r  t o  f o l l o w - u p  t h i s  research  we recommend t h a t  a  m o n i t o r i n g  
program be i n i t i a t e d  by t h e  N a t i o n a l  Park i n  wh ich :  
(1) An e f f o r t  be made t o  see i f  b l o o d  m a l a r i a  l e v e l s  a r e  d e c r e a s i n g  i n  
t h e  b i r d s  because o f  e f f o r t s  p u t  f o r t h  by N a t i o n a l  Park S e r v i c e  personne l  
toward r e d u c t i o n  o f  b r e e d i n g  s i t e s  of t h e  mosqu i to  v e c t o r .  I t  i s  
recorlimended t h d t  pe rsonne l  o f  t h e  Resource Management S t a f f  m i  s t  n e t  b i  r d s  
Y 
i n  t h e  v i c i n i t y  o f  t h e  Research Center  f o r  a p e r i o d  n o t  t o  exceed onc I 
week, d u r i n g  t h e  months o f  Auqust o r  September, and November o r  December. I 
Each c a p t u r e d  h i  r d  shou ld  be b l e d  hy a  t o e  c l i p ,  a  b l o o d  s l i d e  (smear)  
t a k e n  and t h e  s l i d e  t h e n  immed ia te l y  f i x e d  i n  a b s o l u t e  me thy l  a l c o h o l  
f o r  30 seconds. F o l l o w i n g  each c a p t u r e  p e r i o d ,  t h e  l a b e l i n g  on a l l  
s l i d e s  shou ld  be checked and t h e  s l i d e s  t h e n  sen t  t o  t h e  CPSU/UC a t  
Dav is  f o r  a n a l y s i s .  
( 2 )  A r i g i d  q u a r a n t i n e  s h o u l d  be p l a c e d  on a l l  caged b i r d s  wh ich  a r e  
b rough t  i n t o  t h e  N a t i o n a l  Park. J u s t  as a l l  p e t  dogs a r e  r e q u i r e d  t o  
be on a  l eash ,  we recommend t h a t  a l l  p e t  b i r d s  be r e s t r i c t e d  t o  i n s i d e  
cages. No c a p t i v e  b i r d  shou ld  be a l l o w e d  i n  an o u t s i d e  f l i g h t ,  u n l e s s  
t h e  s t r u c t u r e  i s  mosqu i to  p r o o f .  
I t  i s  f e l t  t h a t  i f  t h e  above management recommendations a r e  
f o l l o w e d ,  l e v e l s  o f  a v i a n  m a l a r i a  i n  t h e  n a t i v e  b i r d s  i n  Hawai i  
Volcanoes N a t i o n a l  Park w i l l  u l t i m a t e l y  be decreased. 
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Tdb le  1. Number o f  B i r d s  Captured p e r  100 Net Hours From 1979-1980 on Maund 
Loa , Hawai i . 
B i r d s / 1 0 0  Net Hours C 
B i r d  Samp 1 e - 
Species S i z e  Jan.- Mar.- May- J u l y -  Sept.- Nova-  T o t a l  
Feb. Apr. June Aug, Oct. Dec. 
Apapanes 
Amaki h i +  
Whi t e - e y e  
~l e p a i  o" 
h a  o+ 
l i w i +  
House F i n c h  
House S p a r r o ~  
C a r d i n a l  
L e i o t h r i x  
S p o t t e d  Munia 
:li sc . S ~ e c i  es*  
T o t a l  2,702 271.1 342.2 397.4 283.8 369.4 280.6 1,945.3 
*Bar red  Dove (Geopel i a  s t r i a t a )  , Spo t ted  Dove ( S t r e p t o p e l i a  c h i n e n s i  s )  , 
B lue  ?heasant-(Phasianus v e r s i c o l o r )  , C a l i  f o r n i d  Q u a i l  ( L o p h o r t y x  ca  l i f o r n i c u s ) ,  
Common Mynah ( A c r i  d o t n e r e s  t r i  s t i  s )  , Hawai i a n  Creeper (Loxops m a c u l a t a )  , and 
A k i  apo laau (Hemi gnathus -- w i  
+Denotes n a t i v e  Hawai ian  spec ies .  
Table 2. F1lalarld I n t e c t i o n  Rates Throughout t h e  Annual Cycle i n  B i r d s  f rom 
tlauna Lod, Hawai i  
Months Percent  of  P o p u l a t i o n  I n f e c t e d  T o t a l  Percen t  o f  
(sample s i z e )  bles i c F o r e s t  Xer i c  F o r e s t  I n d i  v i d u a l  s i n f e c t e d  
January-February  8.20 6.90 
( 2 4 3 / 1 7 7 )  
Septenoer-October  9.30 5.00 
(396/  180) 
Novemoer-December 11  .0 
( Z8l/ 122)  
T a b l e  3. M a l a r i a  I n f e c t i o n  L e v e l s  i n  B i r d s  a t  D i f f e r e n t  Times o f  t h e  Year from 
M e s i c  and X e r i c  F o r e s t s  on Mauna Loa, H a w a i i  
Months P a r a s i  t e s / 1 0 , 0 0 0  RBC T o t a l  number o f  
-- - M a l a r i a  P a r a s i t e s  
size) M e s i c  F o r e s t  X e r i c  F o r e s t  Per 10,000 RBC 
J a n u a r y - F e b r u a r y  1.21 0.47 
(243/  1 7 7 )  
M a r c h - A p r i  1 
( 255 /  150)  
May - Jun e 
(109J77)  
Sep tember -Oc tobe r  3.46 0.78 
( 3 9 6 /  180) 
November- Dccember 1.51 1.82 
( 281/ 122)  
T a b l e  4. Success r a t e  o f  sexua l  c y c l e  t r a n s m i s s i o n  w i t h  P. r. c a p i s t r d n o a e  i n  
Cu1.x q u i n q e f a s c i a t u s  and Aedes a1 b o p i c t u s  i n  ~ x w a i i .  
Days Be tween 
I n f e c t i v e  
B l o o d  bled1 and  
Second Feed i ng 
N u ~ b e r  o f  
T r i a l s  
( N  - 196 
Mosqui  t o e s )  
Success o f  Sexual 
Cyc 1 e Cornp 1  e t  i on 
Cu lex  q u i n q u e f a s c i a t u s  Aedes a l b o p i c t u s  
T d b l e  5. Presumed t x t  i n c t i o n  Dates o f  N a t i v e  Land B i r d s  f rom t he  Main Hawai ian  
I s 1  ands ( B e r g e r  1981). 
Spec i es 
P r e m a l a r i a  P o s t m a l a r i a  .. 
Ext  i n c t  i on E x t i n c t i o n  y 
P e r i o d  Period. 
Ral  l i d a e  
Hawai i an Rai 1  
(Pcnnu la  ---- s a n d w i c h e n s i s )  
Oahu Thrush c. 1825 
(Phaeorn i  s  obscu rus  oahens i  s )  
- 
Lanai  Thrush (P. o. l d n a i e n s i s )  
- - 
Oahu Do 
(Moho a p i c a l  i s )  
-
Moloka i  00 
(H. - b i  s h o p i  ) 
tlawai i Oo 
( 8 .  n o b i  1  i s )  
- 
K i  oed 
( C h a e t o p t i l a  -
Drepdn i d i  d a e  
G r e a t e r  Amak ih i  
'c. 1931 
a n g u s t i p l u m a )  
(Loxops s a g i t t i  r o s t r i s )  
Lana i  Creeper  (_I. n ldcu la ta  n e w t o n i  ) 
(_i. c o c c i n e a  r u f a )  
Oahu Aki a l o a  
(Hemi gnathus  obscurus  e l  1  i s i a n ~ s )  
Lana i  A k i a l o a  
o. l a n a i e n s i s )  (H* - 
Hawai i  A k i a l o a  
( t i .  - - o. o b s c u r u s )  
Oahu ;4ukupuu 
( H ,  l u c i d u s  a f f i n i s )  
- -- 
Tab12 5 ( c o n t i n u e d )  
Prernal a r i a  Postma 1  ar ' i  a  
Speci  es E x t i n c t i o n  E x t i n c t i o n  
I P e r i o d  P e r i o d  
(Drepan i  d i d d e )  
Oahu Ou c. 1900 
( P s i t t i r c s t r a  p s i t t a c e a )  
Lan i i i  Ou 
M o l o k a i  Ou 
G r e a t e r  Koa F inch  
( ? .  - p s l n e r i )  
Less2r  Koa F inch  
( P .  - f l d v i c e p s )  
Grosseak F inch  
( P .  kona) 
- -  
Moloka i  C res ted  Honeycreep2r 
(Pa l rner ia  d o l e i )  
U l  d -A i  -Hawane 
(C i  r i  dops anna) 
-
Marc 
(Dreoan is  p a c i f i c a )  
B l a c k  ilarno 
( D .  - f u n e r e a )  
F i g u r e  1. Location of s t u d y  s i tes  on the eas t  f lank of Mama Loa Volcano, Hawaii. 
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Figure 2 .  Total b i rds  captured d m i n g  t h e  study. 
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4 .  Yearly percentage of  i n £  ec ted  ind iv idua l s  i n f e c t e d  arid p a r a s i t e  l e v e l s  Figure 
of ma la r i a  i n  spec i e s  of avian hos t s  f r o m  Mauna Loa, Hawaii. 
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Figure  5 .  I n f e c t i o n  r a t e s  and percentage of popula t ions  i n f e c t e d  w i t h  avian malaria along 
an e i e v a t i o n a l  g rad ien t  on Mama Loa, Hawaii. 
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F i g u r e  6 .  Mdxlmum e l e v a t ~ o n s  a t  which  m o s q u i t o e s  wcre found on Mawla Loa 
t h r o u g h o u t  tne y e a r l y  c y c l e .  
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Figure 8. Percen tage  of i n d i v i d u a l s  of c h a l l e n g e d  a v i a n  hosts r e s i s t i n g  and s u r v i v i n g  m a l a r i a  cha l l enge .  
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Figure 9. Pa ras i t e  l eve l s  of avian hosts from Mama Loa, Hawaii, over the  patent  period. 
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- .  r l g u r e  10. X-umbers 2f t r o p h o z o i t e s ,  garnetocytes, and sch i zon t s  i n  chal lenged avian 
h o s t s  from Ma:ma Lca, Hawaii. 
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Figure 11. P a r a s i t e  l e v e l s  i n  avian hos t s  f r o m  Mauna Loa, Hawaii, 
over  t h e  2 4  hour d a i l y  cyc l e .  
0- 0 Culex quinquefast'atus 
n e- --e Aedes olbopictus 
C 
. - 
1-1 Ambient  Temperature 
100 Ln 
\ 
U) 
u 
80 0 
0 
a 
m 
w 
w 60 
z 
- 
I- 
40 z 
- 
> J 
Lb 20 2 
a 
w 
= 0 
0800 1200 1600 2000 2400 0400 
1000 1400 1800 2200 0200 0600 
TI AY (hours) 
Figure 12. D ~ i l y  a c t i v i t y  l e v e l s  of nosquitoes from Mama Loa, H a w a i i .  
Figure 13 .  Native b i r d ,  malaria pa r a s i t e ,  and vector abundances on Mama Loa, H a w a i i .  
t Poras1tes/10,000 RBC In 
Native Birds 
G-- -0 P a ~ a s 1 t e s / l 0 , 0 0 0  RBC in 
lntroduced Blrds 
1 7  Percent of Natlve Blrds Infected 
m d  Percent of Introduced Blrds 
Infected 
JAN MAR MAY JUL SEP NOV JAN 
FEB APR J UN AUG OCT DEC FEB 
M O N T H S  
Figure 1 4 .  Intxoduced and na t ive  b i r d  malaria  p a r a s i t e  levels over t h e  annual cyc l e  on 
Mama Loa, Hawaii. 
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Figure 1 5 .  Pre- and post-malaria movement p a t t e r n s  of native Hawaiian b i rds  on 
Mauna Loa, Hawaii. 
